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Abstract 
The population suffering from hypertension is estimated to be over 600 million around 
the world. Hypertensive patients require continuous long-term monitoring, which 
cannot be provided by the cuff-based blood pressure measurement devices. To tackle 
this problem, a cuffless blood pressure measurement method that is based on pulse 
transit time (PTT), the time required for a pulse to travel from one site to the other along 
the arterial tree, is proposed. However, the existing approaches did not take into account 
factors, such as ambient temperature, contacting force, and the amount of exercise 
carried out, which affect the accuracy of the measurement. It is therefore the aim of this 
thesis to develop a more reliable PTT-based blood pressure measurement algorithm by 
overcoming the effects of ambient temperature on the measurement accuracy. 
Two algorithms, wavelet-based and derivative-based, in locating the characteristic 
points of bio-signals for calculating PTT are studied first. It is found that the results of 
blood pressure estimation by using the PTT determined by the wavelet- and 
derivative-based algorithms are comparable. Because of the shorter computation time 
and fewer procedures for the calculation of the derivative-based algorithm, it is selected 
to study the effects of temperature on PTT-based blood pressure measurement in this 
thesis. 
The effects of temperature on the PTT-based blood pressure measurement are studied in 
relation to the theory of hemodynamics. It is suggested that peripheral resistance 
increases due to the increase in viscosity and decrease in vessel radius when ambient 
temperature decreases, and thus resulting in a higher blood pressure. The increase in 
blood pressure will cause a decrease in the arterial compliance. On the other hand, by 
analyzing the windkessel model, the time delay between the pressure waves in the same 
heart cycle measured at two different sites (same as PTT), is directly related to the 
peripheral resistance and arterial compliance. The counteracting effects of lower arterial 
compliance and higher peripheral resistance on PTT infer that the change in PTT due to 
change in ambient temperature is insignificant, such that it cannot reflect the change in 
blood pressure. Therefore, it is hypothesized that the PTT-based approach will 
underestimate blood pressure when the ambient temperature decreases. 
An experiment was carried out on 11 subjects to study the effects of ambient 
temperature on the accuracy of the PTT-based blood pressure estimation method. PTT 
and blood pressure were obtained from the subjects when staying in the warm (28.6 士 
1.1 °C) and cool (21.5 土 1.0°C) conditions. Blood pressure is estimated using the 
fundamental equations, i.e. the inverse of PTT^, and is calibrated with a set of data 
recorded in the warm condition. It is found that blood pressure measurement by the 
"golden standard" i.e. the one measured by an experienced registered nurse using an 
auscultation-technique-based mercury sphygmomanometer, increases when ambient 
temperature decreases. However, the change in PTT with temperature is insignificant. 
When compared to the "golden standard", the measurement differences of the blood 
pressure calculated by using the fundamental equation are negatively biased (i.e. 
underestimated) in the cool condition. In order to solve this blood pressure 
underestimation problem, a temperature related feature (the normalized pulse area or the 
normalized falling area) is added to the fundamental PTT-based blood pressure 
estimation equation. Under the cool condition, based on 102 trials obtained from 11 
subjects, it is found that by using the modified equation, the measurement differences 
are reduced from -5.02 土 8.23 mmHg to -2.01 士 7.89 mmHg for estimation of systolic 
blood pressure (SBP) and from -6.75 士 8.01 mmHg to -2.26 士 7.26 mmHg for 
estimation of diastolic blood pressure (DBP). When all data recorded in both the warm 
and cool conditions are analyzed, for 212 trials recorded on 11 subjects, the overall 
measurement differences between the standard blood pressure values and ones using the 
modified equation are reduced from -1.77 士 6.69 mmHg to -0.13 土 6.01 mmHg for 
estimation of SBP and from -3.15 士 8.45 mmHg to -0.69 士 7.17 mmHg for estimation 
of DBP. All the improvements are significant at the 0.05 significance level. 
Apart from the ambient temperature, the effects of local temperature by mild local cool 
tests on the finger are studied. Mild local cooling is common in our daily life, e.g. after 
holding a cold drink or washing hands. In the study, subjects' index finger are cooled by 
emerging their fingers in cold water of 10.1 士 0.6 °C. From the experimental results 
based on 13 subjects, both PTT and blood pressure do not change significantly after the 
mild local cool tests. Hence, it is concluded that, if the local cooling is mild, it may not 

































壓的平均誤差從-5.02 土 8 .23 m m H g減小到 - 2 . 0 1 土 7 .89 mmHg，舒張壓的平均誤 
差從-6.75 士 8.01 mmHg減小到-2.26 土 7.26 mmHg�如果把濫暖條件下和ffl度較低 
條件下得到的資料整合分析，從11個對象共得到的210組資料。與基本公式估計 
出的血壓値比較，通過修正公式估計出的收縮壓的平均誤差從-1.77 ± 6.69 mmHg 
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The current market of the blood pressure meters is dominated by the cuff-based devices, 
but many people are unwilling to use them. The problems related to the existing 
cuff-based blood pressure measurement include discomfort, noise, high power 
consumption, discrete measurement etc., but most of them are unsolvable as they all 
arise from the usage of the cuff. On the other hand, the population of high blood 
pressure patients has been increasing continuously and they are suggested to monitor 
their blood pressure intensively. Hence, the development of the cuffless blood pressure 
device can be an alternative for those patients. One of the cuffless measurement 
approaches, which has been studied for a few decades, is the method based on pulse 
transit time (PTT). 
In this work, pulse transit time (PTT) is the time interval between the characteristic 
points of electrocardiogram (ECG) and photoplethysmographic signals. The 
fundamental algorithm for the PTT-based blood pressure measurement is simply based 
on the linear relationship between PTT and blood pressure. However, the accuracy of 
this approach may be affected by many factors, including temperature change, 
contacting force, the level of exercise, and so on. 
The aim of this work is to analyze the effects of temperature on the PTT-based blood 
pressure estimation approach theoretically and experimentally, and to propose 
modification on the fundamental algorithm of the PTT-based approach to improve the 
accuracy of blood pressure estimation under temperature changes. In this study, the 
effects of ambient and local temperature will be investigated. 
1 
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Apart from this, a blood pressure measurement method based on the wavelet 
coefficients of ECG and photoplethysmographic signals are proposed in this thesis. PTT 
is usually defined as the time interval between ECG R-wave and the foot of the 
photoplethysmographic signal. However, for some cases, ECG T-wave is larger than 
R-wave, or the foot of the photoplethysmographic signal is not the local minimum of 
the signal, so it is difficult to detect it accurately by simple detection methods e.g. 
thresholding. In order to overcome this problem, the wavelet transform coefficients at 
some specific scales of ECG, which are close to the Q-wave, and those of 
photoplethysmographic signal, which are close to the foot, are detected instead. Hence, 
PTT can be calculated accurately and so the blood pressure can be estimated based on 
it. 
1.2. Blood Pressure 
Blood pressure is the force applied by blood to the walls of vessels (Fig. 1.1). In general, 
blood pressure reading is reported in the form of two numbers: systolic and diastolic 
blood pressure. 
Fig. 1.1 Blood Pressure is the force applied on the artery wall [1]. 
Systolic blood pressure (SBP) is the maximum pressure in the artery when the heart 
pumps while diastolic blood pressure (DBP) represents the lowest pressure in the artery 
when the heart is at rest [1]. Fig. 1.2 illustrates the systolic and diastolic phases in the 
heart. In the systolic phases, when the heart contracts, blood pressure rises and blood 
moves out along the vessels. In the diastolic phase, when the heart relaxes, blood 
2 
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pressure falls and blood fills the heart. The mean blood pressure (MBP), which is the 
average of the pressure over time [2], is given by: 
M 召 P = 謂 广 (1 .1) 
愈 律 
Fig. 1.2 (a) Systolic and (b) diastolic phases [1]. 
The range of the normal blood pressure of adults is about 120mmHg for systolic and 
70 - 80 mmHg for diastolic blood pressure as shown in Table 1.1. 
Table 1.1 Categories of the blood pressure range for adults [1]. 
Categories Blood Pressure Ranges: SBP/DBP (mmHg) 
Hypotension <120/<70 
Normal 1 2 0 - 1 2 9 / 7 0 - 8 0 
Pre-hypertension 130 - 139/ 80 一 89 
Mild hypertension 145 - 159/ 9 0 - 104 
Significant hypertension >160/>100 
1.3. Hypertension 
1.3.1. Definition of Hypertension 
Hypertension or high blood pressure generally means that his/her SBP is consistently 
over 140 mmHg and DBP is consistently over 90 mmHg (Table 1.1) [1]. 
3 
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1.3.2. Causes and Symptoms of Hypertension 
There are two types of hypertension: essential and secondary hypertension. Essential 
hypertension has no identifiable causes. It may relate to genetic or environmental 
factors. Secondary hypertension is caused by other disorders including adrenal gland 
tumors, Gushing's syndrome, kidney disorders, hemolytic-uremic syndrome, 
Henoch-Schonlein purpura and so on. Usually, there are no symptoms if it is not serious. 
If the symptoms, for examples, vision changes, angina-like chest pain, blood in urine, 
nosebleed, irregular heartbeat, ear noise or buzzing present, these may be a sign of 
dangerously high blood pressure or a complication from high blood pressure [1]. 
1.3.3. Complication of Hypertension 
Hypertension is usually regarded as a "silent killer". You cannot feel or notice it if it is 
not serious, but it can cause a series of fatal diseases. The diseases related to 
hypertension would be hypertensive heart disease, heart attacks, congestive heart failure, 
blood vessel damage (arteriosclerosis), aortic dissection, kidney damage, kidney failure, 
stroke, brain damage and loss of vision [1]. 
1.3.4. Prevalence of Hypertension 
A. Hong Kong 
In a household survey coordinated by the Census and Statistics Department in 1999 [3], 
about half of the elderly surveyed reported having one or more chronic diseases 
requiring long-term follow-up, the top five being hypertension (43%), diabetes mellitus 
(23%)，heart disease (16%), arthritis / musculoskeletal pain (12%) and eye disease 
(10%). In 2001，the more commonly cited diseases that required long-term follow-up by 
doctors were hypertension (32.8% of those 924 100 persons) [4]. 
B. China 
Among the Chinese adult population aged from 35 to 74 years, representing 129 824 
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000 persons, 27.2% had hypertension. The age-specific prevalence of hypertension was 
17.4%, 28.2%, 40.7%, and 47.3% in men and 10.7%, 26.8%, 38.9%, and 50.2% in 
women age 35 to 44 years, 45 to 54 years, 55 to 64 years, and 65 to 74 years, 
respectively. However, only 44.7% of the patients were aware of their high blood 
pressure, 28.2% were taking antihypertensive medication, and 8.1% achieved blood 
pressure control (140/90 mm Hg) [5]. 
C. Worldwide 
High blood pressure is estimated to cause 7.1 million deaths, about 13% of the total 
deaths. There are at least 600 million hypertension sufferers worldwide by a 
conservative estimation [6]. 
1.4. Blood Pressure Measurement 
1.4.1. History 
In 1733，the first recorded direct measurement of the blood pressure in an animal was 
done by a British veterinarian Stephen Hales (1677 - 1761). He measured the blood 
pressure of a horse by inserting a brass pipe connected to a glass tube into an artery (Fig. 
1.3) [7]. 
The human blood pressure was first recorded in 1847 by Carl Frederick Wilhelm 
Ludwig. Ludwig's kymograph (Fig. 1.4) connecting to a Poiseuille's U-shape mercury 
manometer was inserted directly into the artery. Also the first graphical record of blood 




Fig. 1.3 The first recorded directed measurement of the blood pressure in an animal by 
Stephen Hales in 1733 [8]. 
11 ？ _ I k 
Fig. 1.4: Ludwig's kymograph [9]. 
Karl Vierordt induced the idea of sphygmograph in 1855 [7]. A French physiologist, 
Etienne Jules Mary pioneered indirect blood pressure measurement and invented 
Marey's sphygmograph in 1860. The arterial blood was stopped by the application of 
external pressure in increments until the pulse disappear. As a result, the external 
pressure was estimated indirectly to the arterial blood pressure. This was the 




The first mercury sphygmomanometer consisting of an arm cuff, an air pump and a 
vertical mercury manometer was developed in 1896 by Scipione Riva-Rocci in Italy 
(Fig. 1.5). This design was the prototype of the modem mercury sphygmomanometer. 
The external force exerted onto the arm by the inflatable cuff was measured [7]. A few 
years later, Riva-Rocci’s sphygmomanometer was introduced to America by an 
American neurosurgeon Harvey Gushing [7]. 
Fig. 1.5 Riva-Rocci’s sphygmomanometer [9]. 
In 1905，Nikolai Korotkoff, a Russian army surgeon was the first to discover the sound 
made by the constriction of the artery [7]. He found that there were characteristic 
sounds at certain points in the inflation and deflation of the cuff. Based on these 
characteristic sounds, the systolic and diastolic blood pressure could be determined. 
This auscultatory method became the standard practice method as it was proved to be 
more reliable than the previous palpitation techniques. More accurate auscultatory 
sphygmomanometers were developed after that [7]. 
1.4.2. Techniques and Methods 
A. Invasive Techniques 
The arterial pressure is directly measured by placing a cannula needle into an artery 
(usually radial, femoral, dorsalis pedis or brachial) as shown in Fig. 1.6. The cannula is 




Fig. 1.6 Invasive blood pressure measurement [10]. 
Intra-arterial measurement is considered as the "golden standard" for continuous, 
beat-to-beat arterial blood pressure monitoring. However, the arterial cannulation may 
be difficult for some patients and may cause complications such as thrombosis and 
ischaemia. The patients with invasive arterial monitoring require a very close 
supervision [10]. 
B. Noninvasive Techniques 
Noninvasive methods can be divided into two categories: cuff- and cuffless-based 
methods. Some common approaches will be introduced in the following paragraphs and 
the disadvantages of these approaches will be also listed. 
1) Cuff-based Techniques 
a) Auscultatory 
This method bases on the disappearance and appearance of the characteristic sounds 
generated by the flow of blood. An occlusive cuff is inflated until the pressure is above 
the systolic blood pressure. Then the cuff pressure is slowly decreased slowly. When the 
pressure reached the value of the systolic pressure, the blood spurts under the cuff and 
the audible sound (Korokoff sounds) generated by the flow of blood and vibrations of 
the vessel under the cuff can be heard through a stethoscope. The first Korokoff sound 
indicates systolic pressure, while the transition from muffling to silence brackets 
8 
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diastolic pressure [11]. Fig. 1.7 illustrates the principle of this technique. 
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Fig. 1.7 The auscultatory technique [11]. 
b) Oscillometric Method 
This technique is based on the measurement of the oscillations under the cuff by the 
arterial pressure pulse. The cuff is first inflated to the pressure value which is higher 
than the systolic pressure and the radial pulse disappears. The pressure of the cuff is 
then reduced slowly, and when the cuff pressure is slightly above the systolic pressure, 
the amplitude of the oscillation begins to increase (Point 1 in Fig 1.7). As the cuff 
continues to deflate, the amplitude of the oscillation increases to the maximum (Point 2 
in Fig. 1.8) at the mean blood pressure, and then decreases to zero [11]. 
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Fig. 1.8 The oscillometric technique [11]. 
9 
Chapter 2 
c) Volume-clamp Method 
The volume-clamp method was proposed by a Czech physiologist, Jan Penaz in 1973 
[12]. During the systole, an increase in the arterial diameter is detected and the finger 
cuff pressure immediately increases to prevent the diameter change. Since the system is 
designed to prevent any change in the diameter, the artery is effectively clamped at a 
certain diameter, the set point. If this diameter corresponds with the unstretched or 
unloaded state of the finger artery, transmural pressure is always zero. Hence, at a 
proper unloaded diameter of the finger artery, finger cuff pressure equals intra-arterial 
pressure. 
The implementation of the volume clamp method is visualized in Fig. 1.9. The arrows 
indicate a closed servo control loop. Light from a light source (L) is transited through 
the finger (F) and detected by a photocell (PC). The output signal of the PC, which is 
the intensity of the detected light, is compared to a fixed setpoint value (CI). The 
difference between the signal and the setpoint is amplified by DA, PID and PA, and 
drives the proportional value (EPT). Cuff pressure is monitored by the manometer (M). 
If the switch (SW) is closed, the feedback loop is opened, and a steady cuff pressure 
(C2) can reach the finger [12]. 
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Doppler shift phenomenon - changes in ultrasonic frequency at the point of systolic and 
diastolic pressures due to the changes in arterial wall movement are employed in this 
method [9]. A compression cuff over a small transmitting (8MHz) and a receiving 
ultrasound crystal is placed on the arm as shown in Fig. 1.10 (a). Signal is transmitted 
by the transmitting crystal and the reflected signal of the shifted frequency is detected 
by the receiving crystal. The difference in frequency between the transmitted and 
received signals, Af, is proportional to the velocity of the wall motion and the blood 
flow [11]. 
The cuff pressure is increased above diastolic but below systolic pressure, then the 
vessel opens and closes with each heartbeat as shown in Fig. 1.10 (b). The opening and 
closing of the vessel can be detected by the ultrasonic system. As the applied pressure is 
further increased, the time between the opening and closing decreases. At the point that 
the time difference is zero, the reading is the systolic pressure. On the other hand, when 
the cuff pressure is reduced, the time interval between opening and closing increases. 
When the closing signal from one pulse coincides with the opening signal from the next 
pulse, the reading is the diastolic pressure [11]. 
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As shown above, there are numerous cuff-based blood pressure measurement 
techniques available and used clinically. However, a number of problems exist related to 
this category of techniques: 
• The inflation and deflation of the cuff would interrupt the blood flow and cause 
unpleasant and uncomfortable feeling for the patients. 
• As the cuff needs to be inflated by a pump, power consumption of the device is 
high and the size is large. Noise is produced when the cuff is being inflated. 
• Some sphygmomanometers contain mercury, which is a toxin substance. 
2) Cuffless-based Technique 
Arterial Tonometry 
It is based on measuring the external pressure applied to flatten an artery. It is realized 
by placing an array of pressure sensors on the skin over an artery, each of which 
measures pressure (Fig. 1.11) [13]. This array of sensors detect the pressure being 
exerted on the artery wall by the blood. 
Mounting 
W sirap ,I "1 svslcm ,� 
Fig. 1.11 The arterial tonometry [11]. 
However, arterial tonometry associates with several limitations, causing this technique 
become not widely used [13]: 
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• The measured blood pressure is from the peripheral circulation, so it may different 
from the arterial blood pressure. 
• It has a high sensitivity to sensor position and angle. 
• Calibration using an initial blood pressure measurement is required. 
• It is sensitive to motion artifact. 
• The device is expansive. 
1.4.3. Current Devices 
Most of the blood pressure measurement devices available in the market currently are 
based on auscultatory or oscillometric methods. Generic types of equipment available 
are [14]: 
A. Mercury Sphygmomanometers 
It relies on the auscultatory technique. It includes a mercury manometer, an upper arm 
cuff, a hand inflation bulb with a pressure control valve and a stethoscope to listen to 
the Korotkoff sound. It is considered as the "golden standard" which is well understood 
by users and can be used on most patients. However, it contains toxic substance, 
mercury. Fig. 1.12 is a commonly used mercury sphygmomanometer. 
Fig. 1.12 A mercury sphygmomanometer [15]. 
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B. Aneroid Sphygmomanometers 
Its requirement on the equipment is similar to the mercury sphygmomanometer, but the 
mercury manometer is replaced by an aneroid gauge (Fig. 1.13). It is mercury-free but 
regular calibration is needed. 
_ 
Fig. 1.13 An aneroid sphygmomanometer [15]. 
C. Semi-automated Devices 
It uses the oscillometric technique. The pressure of the cuff is raised manually and the 
deflation is automatically (Fig. 1.14). It is mercury-free, lightweight, easy to use and 
free of observer bias. 
Fig. 1.14 A semi-automated device [15]. 
D. Automated Devices 
It is based on the oscillometric technique. Both the inflation and deflation of the cuff 




Fig. 1.15 An automated device with an arm cuff [15]. 
Fig. 1.16 An automated device worn on the wrist [15]. 
E. Ambulatory Blood Pressure Monitors 
It uses auscultatory or oscilometric techniques. It includes a cuff, which is worn on the 
upper arm, an electronic monitor with a pressure sensor, an electrically driven pump 
attached to the patient's belt. The device is programmed to record over 24-hour period 
during normal activities and stores the data for future analysis (Fig. 1.17). 
15 
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Fig. 1.17 An ambulatory blood pressure monitor [16]. 
F. Arterial Tonometers 
The blood pressure is measured with an array of pressure sensors, which are pressed 
against the skin over an artery (Fig. 1.18) [13]. 
Fig. 1.18 An arterial tonometer worn on the wrist [13]. 
1.5. Organization of the Thesis 
This thesis is divided into five major parts: 1) theoretical analysis on the possible effects 
of temperature on the PTT-based blood pressure estimation; 2) experimental data to 
verify the theoretical analysis of the effects of temperature; 3) a newly proposed 
wavelet-based algorithm for PTT calculation and comparison with the derivative-based 
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algorithm; 4) a modified algorithm for the PTT-based blood pressure measurement 
approach with temperature compensation and; 5) investigation of the effects of the mild 
local cooling on PTT and PTT-based blood pressure estimation. 
Chapter 1 provides the background information about blood pressure, the overview of 
the hypertension, the introduction of the current blood pressure techniques and devices, 
the objectives and the structure of this thesis. Chapter 2 gives some background about 
the principle of the PTT-based blood pressure estimation approach, the effects of 
temperature on blood pressure and PTT, as well as the possible effects of temperature 
on the PTT-based approach. Chapter 3 introduces a new algorithm of PTT calculation 
based on wavelet transform and compares the wavelet-based algorithm with the 
derivative-based algorithm. Chapter 4 describes the experiment studying the effects of 
ambient temperature changes on the PTT-based blood pressure estimation and a newly 
proposed modified blood pressure estimation algorithm. Chapter 5 presents the 
experimental data and results about the effects of mild local cooling. Chapter 6 






In this section, the background information including blood rheology and the derivation 
of the equations related to the wave propagation in blood vessels will be provided. The 
principle of the blood pressure measurement based on pulse transit time (PTT) will be 
introduced. Also, a review of the applications of PTT on blood pressure estimation will 
be given. 
As the effects of temperature are the focus of this thesis, the human body temperature 
regulation will be studied, and the effects of temperature on blood pressure will be 
analyzed with the literature review. The effects of temperature on PTT will be studied 
based on the winkessel model. Apart from this, the possible effects of temperature 
change on the PTT-based blood pressure estimation will be addressed. 
2.2 Blood Rheology 
2.2.1 Blood Composition 
Blood is a liquid tissue composed of several types of cells suspended in an aqueous 
fluid matrix (the plasma). The constituents of blood are shown in Table 2.1 and different 
types of blood cells are shown in Fig. 2.1. In blood, there are three types of blood cells: 
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Fig. 2.1 The blood cells in blood [17]. 
Table 2.1 Blood constituents (5x10^ particles/mm^) [18]. 
Cell Elements Relative Proportions 
Red cells 600 
White cells 1 
Platelets 30 
Plasma Weight Fraction 
Water 0.91 
Proteins 0.07 
Inorganic solutes 0.01 
Other organic substances 0.01 
2.2.2 Flow Properties of Blood 
As blood is composed of plasma and blood cells, the viscosity of blood depends on the 
viscosity of plasma and blood cells. Plasma can be considered as a Newtonian fluid 
such that the viscosity is constant with the shear rate change. However, blood is found 
to be a non-Newtonian fluid such that its viscosity changes with the shear rate (Fig. 2.2) 
[18]. 
Blood properties are dominated by the properties of the red blood cell because about 
95% of blood cells are red blood cells. Blood viscosity is found to relate with the 
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hematocrit, which is the percentage volume of the red blood cells in blood. As 
hematocrit increases, the blood viscosity increases nonlinearly as shown in Fig. 2.3. For 
relatively rapid flow and normal blood normal composition, the viscosity of blood is 3 -
5 relative units and 1.9 - 2.3 for plasma [19]. It is found that the viscosity of blood is 
five times of that of water, if the diameter of the tube is relatively large. The viscosity 
may also depend on the size of the tubes. At a higher shear rate, the apparent viscosity 
in a small tube is smaller than that in a large tube and lots of researches have been 
conducted on this issue [20]. 
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Fig. 2.2 Typical blood viscosity curve [21]. 
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Fig. 2.3 Typical blood viscosity curve against the hematocrit [22]. 
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2.2.3 Blood Vessels 
Generally, there are three types of blood vessels: arteries, veins and capillaries. Arteries 
are thick-walled and elastic, and the direction of the blood insides is from the heart. 
Arterioles, which are branches of the arteries, serve as resistance vessels for circulatory 
system, such that they can maintain blood pressure by constriction and relaxation. Veins 
are thin-walled and the blood is transported from other organs back to the heart. 
Capillaries are the single cell thick vessels connecting the arterial and venous segments. 
The gases, nutrients and wastes exchange by passing through the thin permeable walls 
of the capillaries [18]. Table 2.2 lists the approximate dimensions of human blood 
vessels. 
Table 2.2 Approximate dimensions of human blood vessels [18]. 
Vessel Diameter Length Wall Thickness Average Velocity 
(cm) (cm) (cm) (cm/s) 
Capillaries 0.0008 0.1 0.0001 0.1 
Venules 0.002 0.2 0.0002 0.2 
Arterioles 0.005 1 0.02 5 
Arteries 0.4 50 0.1 45 
Veins 0.5 2.5 0.05 1.0 
Aorta 2.5 50 0.2 48 
Vena Cava 3.0 50 0.15 38 
All the walls of the blood vessels expect capillaries, are composed of three layers: 
tunica adventitia, tunica media and tunica intima (Fig. 2.4). The tunica media, which 
contains smooth muscle fibers, plays an important role on regulation of blood flow. 
These smooth muscle fibers can contract or constrict to change the size of the vessel, 
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Fig. 2.4 Artery cut section [23]. 
2.3 Principle of the PTT-Based Blood Pressure Measurement 
2.3.1 Wave Propagation in Blood Vessels 
A. The Relationship between Stress and Strain 
According to the Hook's Law, within a certain limit, strain is proportional to stress. The 
relationship between stress and strain can be expressed as an elastic modulus (unit: 
dyne/cm^) [19]. 
1) Young's modulus, E, the modulus in the longitude direction was defined by Thomas 
Young in 1808 and given by: 
—Longitudinal force per unit area _ F/A 
= ~ AiJ r. (2.1) 
Extension per unit length 
where F is the applied force, A is the unit area, AL is the extension and L is the length. 
Fig. 2.5 illustrates the change in the length respected to the force applied. 
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Fig. 2.5 Longitudinal strain. 
2) The sheer modulus or modulus of rigidity, r|, is the ratio of the shear stress to 
angular strain as shown in Fig. 2.6，i.e. 
Shear stress 
= • (2.2) 
Angular strain 
o 
Fig. 2.6 Steering strains. 
3) The bulk modulus, K, is the ratio of the compressive stress to the volumetric strain, 
as shown in Fig. 2.7, thus 
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Fig. 2.7 Compressive stress. 
For arterial walls, it was found to be virtually incompressible with bulk modulus of 
approximately 4.4x10^ dyne/cm^ by Carew et al in 1968. On the other hand, 
McDonald reported that the bulk modulus should be approximately 2.2x10^° as the 
arterial wall contains about 70% water. The Young's modulus of the arterial walls is in 
the range of 2 .0-8.0x10^ dyne/cm^ [19]. 
B. Behavior of an Elastic Tube under a Distending Pressure 
Supposing R is the radius of a very thin-walled cylindrical shell, the circumferential 
tension, T, in the wall due to the lengthening caused by a distending pressure P, is often 
termed longitudinal tension, and commonly related to R and P as the law of Laplace 
[19], such that 
T=PR. 
The circumferential stress, r, then is given by the Lame's equation: 
PR 
T = 丁 （2.4) h 
where h is the thickness of the wall. 
In 1954, Burton stated that if T = PR, a small change in P, SP, will produce an increase 
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in tension, ST, thus 
(T + dT)= (P + dP)(R+dR) 
=PR + RSP + PSR + 8P5R. 
If 欲 and SP are small, it will become 
ST = RSP + PSR. (2.5) 
On the other hand, the strain in the circumferential length of the wall is ，so the 
Young's modulus is given by 





- T . R (2.6) 
Therefore, 
PSR + RSP = Eh— R 
dR R ——= (2 7) dP Eh/R-P ^ . 乂 
The volume is give by, V = 7iR^L, so by Eq. 2.7, 
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Hence, the above equation can describe the change of vessel volume under a given 
distending pressure. 
C. Wave Propagation in an Elastic Tube 
The study relative to the velocity of sound, c in the air, was first reported by Isaac 
Newton and the equation is 
c � i f (2.9) 
where K is the bulk modulus and p is the density. The velocity of wave propagation in 
the compressible fluid (e.g. air) can be analogue to that in an elastic tube. Hence, 
putting Eq. 2.3 into Eq. 2.9, we have 
(2.10) 
Substituting Eq. 2.8 into Eq. 2.10 and taking the mean value of P as an arbitrary zero, it 
will become 
2 _7iR^LdP/dR 
一 p InRL 





The equation is known as Moens-Korteweg equation. The assumptions underlying 
include that the wall of the tube is thin i.e. hIR is small, and the tube is filled with 
incompressible inviscid fluid. 
The above derivation can be found in [19]. Apart from this, there is another approach of 
deriving the Moens-Korteweg equation by Fung (1983) [24] based on the law of the 
mass conservation. The assumptions of this derivation are incompressible and 
non-viscous flow, and infinite length and very thin wall. The detail of the derivation is 
appended in Appendix B. 
2.3.2 Pulse Transit Time (PTT) 
For blood circulation, pulse wave is the pressure pulse that travels along the arteries 
when the heart pumps blood into the aorta. Pulse transit time (PTT) is the time for a 
pressure pulse traveling along a blood vessel. Therefore, PTT can be given by: 
PTT =- (2.12) c 
where d is the distance between the two measurement sites of the same artery and c is 
pulse wave propagation velocity. 
Referring to the previous section, the pulse wave propagation velocity depends on the 
physical properties of the vessel such as its stiffness and geometric dimensions. The 
relationship between pulse transit time and these properties hence can be described by 
the Moens-Korteweg equation, Eq. 2.11: 
d p r 
27 
Chapter 2 
P T T = J ^ - d (2.13) V Eh 
where E is the Young's modulus of elasticity, p is the blood density, h is the vessel wall 
thickness and r is the radius respectively. 
Pulse transit time can be measured invasively or non-invasively by the following 
approaches: 
A. Invasive measurement 
The direct measurement is based on measuring the time delay between the arterial 
pulses at different distance from the heart. Two identical catheter tip pressure 
transducers are located at two different sites, one may be immediately above the aortic 
valve to measure the central aortic pressure waveform and another at the bifurcation of 
the aorta to measure the peripheral aortic pressure waveform (25]. 
B. Non-invasive measurement 
As the direct method is invasive and complicated, indirect measurement is usually 
employed. Usually, the time interval from the R-wave of electrocardiogram (ECG) to 
the arrival of the peripheral pulse wave, commonly measured at finger, toe or ear lob is 
measured as the pulse transit time (PTT) [26]. Weltman el at. first suggested using 
this time interval as an indirect measurement of PTT [27]. R-wave is used to initiate 
PTT because it is usually easy to detect and less contaminated by noise [28]. Hence, the 
measurement of PTT becomes simple and noninvasive. One of the most common 
approaches for measuring PTT is based on the time interval between R-wave of ECG 
signal and the foot of photophethymgraphic signal, which is referred to the arrival of the 
peripheral pulse wave [29]. 
Electrocardiogram (ECG) is the record of the electrical activity of the heart. The ECG 





Fig. 2.8 Electrocardiogram (ECG) [30]. 
The electrical impulse is generated in the sinoatrial (SA) node and spreads through both 
atria, causing the P-wave. It conducts slowly through the atrioventricular (AV) node, 
causing the interval between the P- and Q-waves. Then, the conduction accelerates 
through the His-Purkinje system and immediately reaches the cardiac septum, causing 
the Q-wave. It reaches the left ventricle to cause the QRS complex and ventricular 
repolarization follows until the end of the T-wave [31]. 
Photoplethysmography (PPG) is a noninvasive technique for measuring volume 
changes in a specific body segment conducted by optical means [32]. Light is emitted 
into the skin and more or less light is absorbed, depending on the blood volume in the 
skin. The intensity of the scattered light detected by a photo detector can measure the 
change in blood volume. PPG can be applied at finger, toe and ear lobe. Fig. 2.9 
illustrates the probe for measuring the phooplethysmographic signals. 
The idea of PPG was first proposed and developed by A. B. Hertzman in 1937 [33]. In 
another report, he stated that the intensity of the light reflected back form the skin was a 
function of the blood content and a measurement of blood supply [34]. He also found 
that the amplitudes of the photoplethysmographic signals at winter were smaller that 





Fig. 2.9 The probe for measuring photoplethysmographic signals [35]. 
For each heartbeat, the changes in the volume of blood in the peripheral microvascular 
bed, by utilizing an optical transducer, can be observed from the 
photoplethysmographic signals. Supposing there is an incident light of intensity, 1 � 
directed to the region with underlaying blood vessels, according to the Beer-Lambert 
law, the intensity of light after passing through the blood, I is given by the following 
equation: 
= (2.15) 
where c is the optical density of blood (mmol L" )^ and a is specific absorption 
coefficient of the blood (L mmor' cm'^) as shown in Fig. 2.10. 
As the tissue content, flow of the blood in the arteries and vessel does not change 
periodically, the variation of the photoplethysmographic signal is considered as the 
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Fig. 2.11 Photoplethysmographic signal [11]. 
2.3.3 Blood Pressure Measurement Based on PTT 
From section 2.2.3, there are two equations describing the relationship between pulse 
transit time (PTT) and the elasticity of the blood vessels. This relationship can be used 
for blood pressure estimation as the elasticity varies with the pressure. 31 
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From Eq. 2.13，PTT is proportional to , and E, the elasticity modulus, is found to 
increase with blood pressure. The earliest intensive study about the static elastic 
modulus on dogs was the carried out by Bergel in 1961 [37]. According to his work, it 
was found that the arterial wall would become stiffer as it is extended, that is, E will be 
larger when the pressure exerting on the vessel increases as shown in Fig. 2.12. 
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Fig. 2.12 The average incremental static elastic modulus for dog arteries from four 
different sites (thoracic aorta, closed circles; abdominal aorta, closed triangles; femoral 
artery, crosses; carotid artery, open circles) as pressure increased studied by Bergel [37]. 
Dobrin and Rovick also found that increase in elastic modulus was more rapid at higher 
blood pressure than at lower blood pressure [38]. More recently, Joannides et al. [39] 
reported that the elasticity modulus increased with the arterial blood pressure from the 
experiments on some young health subjects. 
Because of this direct relationship between E and blood pressure, PTT, which is 
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inversely related to ，will decrease with blood pressure, and hence PTT can be used 
as the indicator of the blood pressure. 
In summary, when the blood pressure is high, the arterial walls become stiff, hard and 
tense. Then the pulse wave will travel faster so that PTT will be shorter. On the other 
hand, when the blood pressure is low, the arterial walls have less tension and the pulse 
wave propagates slower causing longer PTT. Hence, the value of the PTT can reflect the 
change of the blood pressure. 
Based on the relationship between PTT and blood pressure, lots of researches about 
PTT-based blood pressure measurement have been carried out. A nearly linear 
relationship between PTT and blood pressure for the excised artery was reported by 
B ram well and Hill in 1922 [46]. Gribbin et al. suggested that the dependence of pulse 
wave velocity on the change of blood pressure was reliable, which could be used to 
monitor short time pressure changes [47] [48]. The beat-to-beat blood pressure change 
with PTT was also investigated by Pollak and Obrist [49], Marie et al. [50] and more 
recently, Chen et al. [51]. 
Generally, the PTT-based blood pressure measurement involves two steps: calibration 
and prediction. The relationship between the blood pressure and PTT is built first. From 
the previous studies, PTT is almost linear correlated with the blood pressure, so a linear 
regression line between them, based on at least two sets of calibration data, is found. 
The calibration data is usually two trials of blood pressure and PTT measurement, 
where the difference of the blood pressure between those trials is sufficiently large. A 
linear regression line is drawn and the equation representing the relationship between 
PTT and blood pressure can be obtained. To predict the value of the blood pressure 
corresponding to the PTT value, the PTT is put into the above equation, and the blood 
pressure can be calculated based on the equation. 
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2.4 Effects of Temperature on Blood Pressure 
2.4.1 Human Body Temperature Regulation 
Like all mammals and birds, the temperature deep inside the body ("core" temperature) 
is controlled within a relatively narrow range, even during exposure to wide-ranging 
environmental conditions. A nude human can be exposed to temperatures as low as 
12°C or as high as 60°C in dry air and still maintain core temperature near 37°C [52]. 
Keeping core temperature constant can ensure stable enzymatic activity that makes high 
levels of physical activity possible, independent of the ambient temperature. 
In human, core temperature is carefully regulated near 37°C by a negative feedback 
control system. The control system includes temperature sensors, a central controller, 
and several effectors that can be modified to alter hear gain or heat loss as shown in Fig. 
2.13 [52]. 
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Temperature sensors are found in the skin and deep within the body. They provide 
information to the central controller located in hypothalamus. In response to thesis 
temperature inputs, the hypothalamus initiates physiological processes that modify heat 
loss or heat gain, in a fashion that returns core temperature to the normal level [52] [53]. 
Temperature-sensitive neurons within the body core are found in the hypothalamus, 
spinal cord, abdominal viscera, and great veins. Specific thermoreceptors are sensitive 
to decreases or increase in core temperature. The peripheral thermal information is 
obtained from the peripheral thermoreceptors in the skin. These receptors selectively 
respond to cold or warm stimuli (Fig. 2.14) [52]. Nerve impulses from peripheral 
receptors enter the spinal cord and ascend to the brain, to be integrated in the 
hypothalamus with temperature information from the body core. 
When the skin and core temperature deviate from a regulated value, the hypothalamus 
initiates a number of physiological responses that modify heat loss or heat gain. There 
responses include regulation of sympathetic neural outflow to arterioles in the skin, and 
sympathetic neural control of sweat glands. The hypothalamus also can directly 
stimulate motor nerves that control skeletal muscle shivering. This pathway is largely 
involuntary [52]. 
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2.4.2 Physiological Responses to Decreased Temperature 
The body mechanisms will affect heat exchange with the environment when the 
ambient temperature changes. When the ambient temperature decreases, the human 
organism attempts to decrease heat loss to the environment, while at the same time 
increasing the heat produced by its various subsystems. The specific processes, included 
vasoconstriction, some involuntary and voluntary muscle activities, invoked depend 
upon the direction, magnitude and rate of change of the deviations in core and skin 
temperature [52] [53]. 
A. Decreased heat loss to the environment 
a) Vasoconstriction in the skin 
As sensors in skin and core report decreasing temperature, the hypothalamus initiates 
sympathetic vasoconstriction of the skin. Vasoconstriction reduces the flow of warm 
blood into the skin, and the skin temperature may decrease to the leaves close to the 
environmental temperature by narrowing the blood vessel (Fig. 2.15). Indeed, if the skin 
received no blood flow at all, its temperature would match the ambient temperature and 
no heat exchange by conduction or convection could occur. 
Normal blood flow Restricted blood flow 
國 




Fig. 2.16 Temperature distribution compared in a (a) warm and (b) cool environment 
[52]. 
The differences in the core and shell temperature in different temperature conditions 
shows that the primary controlled variable in human thermoregulation is core 
temperature, which is identical in the two conditions shown in Fig. 12.16，not skin 
temperature, total body heat content, or mean body temperature, which are greatly 
reduced in a cold environment. 
b) Voluntary muscle activity 
Decreased in the core and skin temperature will provoke behavioral responses that 
minimize heat loss. These responses are mediated through the hypothalamus to the 
cerebral cortex and then to the voluntary skeletal muscle. They may include postural 
changes that reduce the surface area exposed to the cold environment, movement into a 
warmer environment, and addition of clothing [52]. 
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B. Increased production of heat by involuntary muscle activity 
When skin and core temperature decrease sufficiently, the hypothalamus directly 
activates skeletal muscle. Core and skin temperature act together in initiate shivering, in 
the hope that the heat released through muscular contraction will bring the body 
temperature back up to acceptable levels [52]. 
2.4.3 Effects of Temperature on Blood Pressure 
A. Review 
There have been a lot of researches conduced about the changing blood pressure and 
heart rate with the ambient temperature or seasons from the 50's. According to the study 
of Keatinge and McCance, during sudden exposure to cold, venous and arterial pressure 
would increase [55]. Rose reported that blood pressure was 5 mmHg higher in the 
winter than in the period of the summer [56]. From the results of the experiments 
conducted by Budd and Warhaft, in which subjects were exposed naked to an air 
temperature of 10 °C for two hours in Australia, the systolic and diastolic blood 
pressure rose under the cold exposure but heart rate was reduced significantly [57]. 
Brennan et al [58], Hata et al [59] and Nayha Simo [60] also reported that blood 
pressure would vary with the seasons. 
Lossius et al. compared the blood pressure and heart rate measured under the cool 
condition to the baseline measurement. They found that the mean blood pressure 
increased and the heart rate decreased under the cold condition [61]. Kristal-Boneh et al 
found that both systolic and diastolic blood pressure of the outdoor employees during 
work were significantly higher in winter than in summer [62]. Another study conduced 
by them also showed this seasonal change of blood pressure and heart rate was more 
significant for smokers [63]. 
Crandall et al. heated up the entire body surface to 38.5°C with a tube-lined suit and 
found the mean blood pressure decreased by 13 mmHg with the increase in heart rate 
[64]. Jansen et al. measured the blood pressure and heart rate of the normotensive 
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subjects before, during and after a trip across an icecap. They found that during the trip 
(the ambient temperature was lower), their both systolic and diastolic blood pressures 
increased but heart rate decreased [65]. 
More recently, Sellers et al. have conducted an experiment about the effects of ambient 
temperature on cardiovascular response in college-aged men and women [66]. Heart 
rate and blood pressure was measured in the cold and warm room, and the results 
showed that both the systolic and diastolic blood pressure under the cold condition was 
higher than those measured under hot room. 
To summarize, from the literature, blood pressure generally will increase but heart rate 
will reduce when the ambient temperature decreases. The possible explanation for this 
phenomenon is that the peripheral resistance increases when the temperature decreases. 
Therefore, larger force (or pressure) is needed to make the blood flow properly. 
Peripheral resistance is dependent on blood viscosity and the radius of the blood vessel, 
and this will be discussed in greater detail in the next section. 
B. Poiseuille's equation 
Viscosity, which is a characteristic property of all fluids, is the internal resistance to 
flow. For example, oil flows less readily than water does, as oil is more viscous than 
water. In another word, the viscosity of oil (0.26 kgm''s"^) is higher than that of water 
(1.005 X 10^ kgm-Vi) [67]. 
Viscosity of a fluid was defined as a lack of slipperiness between layers of the fluid (or 
laminae) by Newton. Suppose some force, F, parallel to the wall surface, acts and 
produces a relative motion between the lamia, such that the first lamina moves with 
velocity du relative to the second layer and so on (Fig. 2.17). Then, there is a velocity 
gradient or shear rate, — across two walls [18]. The Newton's viscosity law states 
that, the force is proportional to the velocity gradient, i.e. 
39 
Chapter 2 
F o c A ^ (2.17) 
where A is the area of contact between the lamiae. The proportional constant is then 
defined to be the viscosity of the fluid, which is usually denoted by fi and the 
relationship can be described by 
F=ju-A~. (2.18) 
F 
y ^ ^ r ~ 
个 d L 
Fig. 2.17 Flow of a fluid. F is the force parallel to the wall surface, u is the velocity, d is 
the diameter of the tube. 
If sheer stress, T, is defined as 
r = 4 (2.19) A 
then, Eq. 2.19 is rewritten as 
du 
^ = (2.20) 
In 1839，Hagen studied the water flow through brass tubes of known lengths and radii, 
and found that the volume flow varied with the pressure to the power of the radius and 
was inversely proportional to the length. From further experiments, he concluded that 
the power should theoretically be 4. 
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Using compressed air, a French physician, Poiseuille (1799 -1869) forced a constant 
water volume through capillary tubes and discovered that the volume of the water 
discharged in unit time, Q, was proportional to the pressure, P, and the radius of the 
tube, r, and inversely proportional to the tube length, L, i.e. 
Q = K - j - , (2.21) 
where A" is a constant. This is called Poiseuille's Law, or sometimes is referred to 
Hagen-Poiseuille 's Law. 
Later, the value of K was determined by Wiedemann in 1856 and Hagenbach in 1860 
independently. 
Let L be the tube length and R be the radius, while ji is the viscosity of the fluid flowing 
in the tube. The pressure at A, P � (inflow pressure) and the pressure at B, ？2 (outflow 
pressure) are defined as shown in Fig. 2.18. It is assumed that each particle of the liquid 
moves parallel to the axis with a constant speed. All points lying on the same circle 
around the axis will hence have the same velocity. The liquid can be considered having 
cylindrical lamina moving at velocities, u, which is a function of their radii. 
A B 
/ a \ 1  
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Fig. 2.18 Flow in a circular cylindrical tube. 





On the other hand, the retarding force to this motion is the viscous force, Fy which is 
given by Eq. 2.18. Hence, it will become: 
F^={27D'L)-JU~ (2.23) dr 




广 (户「〜 (2.24) 
dr 2'L'jj, 
Integrating both sides of the Eq. 2.24, we gets 
J血=厂“户1-户2)办 
J I'L-ji 
“ ="2(户 1—户2) + c (2.25) 
4'L-jU 
where C is an arbitrary constant. 






Substitute the above equation into Eq. 2.25，then it becomes 
(2.27) 
4 L / / 
Eq. 2.27 shows that it is a parabola. The volume of the fluid, Q, which flows in unit 
time can be calculated by revolving this parabola (the volume of the paraboloid) around 
its axis, such that, 
R 
0 = 27r‘u. rdr 
* 
0 
( � 2 一 � � 
4L// 
(2.28) SLju 
Therefore, if Rs, the vessel resistance, is give by: 
(2.29) 
then, Eq. 2.29 will become 
Q = (2.30) 
Rs 
The above equation is the Poiseuille's equation. Actually, there are several assumptions 
in the derivation of this equation and the following are the two, which are the most 
important: 
1) The tube is rigid - the diameter of the tube remains unchanged with respect to the 
pressure P； and P2. 
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2) The fluid is homogeneous - it is a Newtonian fluid such that the viscosity is 
constant at all shear rate. 
C. Effects of temperature on peripheral resistance 
In order to study the effects of temperature on blood pressure, the influences of 
temperature on peripheral resistance are first investigated. 
On of the determinant of the peripheral resistance, viscosity, is highly dependent on 
temperature, and the relation between them can be often found to approximate as 
// = Ae-〜 (2.31) 
where T is temperature, A and B are the constants found by curve fitting data for a 
particular liquid [67]. 
For liquids, as temperature increases, the random motions of the particles increase and 
the cohesion, the intermolecular attraction by which the molecules are held together, 
decreases. Therefore, the internal resistance to flow, which is equal to the viscosity, will 
decrease [67]. For instance, under a cold condition, the oil will move more slowly than 
under the warm condition. It is because the viscosity of the oil increases under the cool 
condition such that the resistance to the flow increases. Fig. 2.19 shows how the 
viscosity of water changes as a function of temperature. 
According to some previous work of other researchers, blood viscosity would change 
with the ambient temperature or season. Keatinge et al collected blood samples from 
eight young subjects before and after mild cooling in moving air at 24 °C. They found 
that the whole blood viscosity increased by 21% after cooling [68]. In the study 
conducted by Stout and Crawford [69], blood viscosity was found to increase 
significantly ( p = 0.002) in winter by analyzing the blood sample from 100 subjects 
collected every month in 15 months. A similar study was carried out by Woodhouse et al. 
[70]. They collect blood samples from 96 subjects every two months in 14 months and 
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found that the plasma fibrinogen value, which increases with viscosity, increased 
significantly {p = 0.003) in the winter. 
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Fig. 2.19 Viscosity of water at latm as a function of temperature [71]. 
As a result, combining the effects of the increase in the blood viscosity and reduction in 
radius of the vessel, the peripheral resistance will be increased under lower temperature 
as the peripheral resistance is related to viscosity directly but radius of the vessel 
inversely. Hence, Eq. 3.29 could be written as: 
(2.32) TTKj 
where Rj the blood vessel radius when the temperature decreases and Rj > R. 
D. Effects of temperature on blood pressure 
The increase in peripheral resistance will give rise to the increase in the blood pressure 
because higher force or pressure is exerted in order to push the blood to flow properly 
or maintain the flow of blood. 
For a better understanding, Fig. 2.20 illustrates the mechanism of how the blood 
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pressure increases for larger peripheral resistance. If the peripheral resistance, Rs, 
increases, the rate of outflow, Q。, from the arteries through the resistance vessels 
(peripheral runoff) will decrease, causing the rate of inflow, Qu from the heart into the 
arteries (cardiac output) exceeds the outflow rate, i.e. Qo < Qi (Fig. 2.20 (a)) The 
pressure thus will rise progressively. Blood accumulates in the arteries until the pressure 
rises to the value that the rate of outflow and inflow are equal i.e. Q。= (Fig. 2.20 (b)) 
[2]. 
i 
Fig. 2.20 The relationship between mean arterial blood pressure to inflow and outflow 
in response to an increase in peripheral resistance. 
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2.5 Possible Effects of Temperature on PTT-Based Blood Pressure 
Measurement 
2.5.1 Windkessel Model 
The load faced by the heart in pumping blood through the arterial system and the relation 
between blood pressure and blood flow in the aorta or the pulmonary artery can be 
described as the windkessel model [72]. Blood is ejected by the left ventricle (LV) of the 
heart during systole into the arterial system. The amount of blood flow, Qs, stored during 
each contraction, distending the large arteries, is the difference between inflow, Qj, to the 
large arteries and the outflow, Q。to the small peripheral vessels (Fig. 2.21). Hence, 
Qs=Q�Qo (2.33) 
Qi 0 ： 
^ ^ ^ ^ ^ ^ ^ ^ ^ Periphery 
Ventricle Aorta Vessels 
Fig. 2.21 Diagrammatic representation of the LV and the arterial circulation based on 
the idea of the windkessel. 
The amount of outflow is equivalent to the pressure difference from the arterial side (P) 








P - Q O ' R S - (2.35) 
The storage property can be described by the use of arterial compliance [72], which is 
given by: 
C = — . (2.36) dP 
The amount of blood flow stored, Qs, will become: 
Q S = C ^ - (2.37) at 
As a results, the expression relating the arterial pressure to flow, incorporating the two 
windkessel parameters, C and Rs is 
dP P 
込二 C ^ + F (2.38) 
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Another model of the circulatory system is the Broemser model, which was described 
by the Swiss physiologists Ph. Broemser and Otto F. Ranke in an article published in 
1930. The Broemser model adds a resistive element to the 2-element windkessel model 
between the pump and the air-chamber to simulate resistance to blood flow due to the 
aortic or pulmonary valve, so it became a 3-element model (Fig. 2.23) [73]. 
Rc 
O 1 I 〇 
+ JL + 
Pa C ~ ~ ~ ~ R. PP 
o o 
Fig. 2.23 The three-element resistance-capacitance electrical analog model of the 
windkessel. 
2.5.2 Phase Velocity 
Actually, the transition of the pressure pulse can be considered as the phase shift of the 
harmonic components of two pressure waves measured in the same heart cycle between 
the two measuring points. Hence, pulse transit time (PTT), which is the time that the 
pressure wave traveling over a known distance, can be calculated based on the phase 
delay [74]. 
By Fourier analysis, the pressure pulse can be expressed as the sum of the mean 
pressure and a series of cosine waves at integral multiple of the fundamental frequency, 





where co = is the angular frequency in radians/sec, n is the harmonic number, N is 
the number of the highest harmonic computed, t is time in seconds, P„ is the modulus of 
the nth harmonic and ^  is its phase. Then PTT, or the time delay of the pressure pulse 
wave, At can be calculated as: 
, A d 
At = - ^ (2.39) 
CO 
where = ^  - is the phase difference in radius between two pressure waves. 
Therefore, PTT could be introduced into the electrical analog, the windkessel model, 
such that it can be connected with other parameter, such as peripheral resistance and 
compliance. In frequency domain, the pressure pulse wave at the aorta side pa(t) is 
considered as the input and that at the peripheral side, pp(t) is the output as shown in Fig. 
2.24. 
Rc 
O 1 I 〇 
八 / \ C 二 二 … , \ 八 
Pu(t) Pp(t) 
O o 
Fig. 2.24 The three-element resistance-capacitance electrical analog model of the 
windkessel with p M as the input and pp(t) as the output pressure waves. 
In order to find the phase delay between the harmonic components of the two pressure 
waves, the transfer function of the above circuit is calculated. The phase of the transfer 
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Therefore, from the transfer function, the phase difference between the pressure pulse at 
the aorta and the periphery is: 
dyCT? 
A中=tan-'(——j^) ( 2 . 4 0 ) 
7 + — Rp 
and the negative sign means the output signal is lag behind the input one. Therefore, the 




tan V J + & 
At = L (2.41) 
CO 
2.5.3 Effects of temperature on PTT 
When temperature decreases, peripheral resistance and blood pressure increases as 
mentioned in previous section. On the other and, increase in blood pressure will cause 
the arterial compliance, C. Compliance are usually used as an indicator of the blood 
vessel elasticity by calculating the change in the volume of the vessel respected to the 
change in the pressure exerting on it. The relationship between C and pressure has been 
investigated by many researchers and this relationship is found to be nonlinear. Dahn et 
al. [75] found that the compliance of the arteries decreased consistently with increasing 
pressure and concluded that this was because of the elastic properties of the arterial 
walls not referable to muscular tone. Megerman et al. [76] obtained a nonlinear 
decreasing compliance-pressure relation from the femoral arterial of dogs as shown in 
Fig. 2.25. Based on the data of Tardy et al. [77], the marked nonlinear response of the 
arterial wall material could be confirmed. They showed that compliance could not be 
characterized by a single value representative of the whole range of pressure. To 
measure any elastic arterial parameter, it is necessary to measure it as a function of 
blood pressure. Anther study, carried out by Joannides et al. [78] also demonstrated the 
nonlinear compliance-pressure relationship such that compliance decreased with arterial 
blood pressure. Besides, there were also mathematical modeling [79] and theoretical 
analysis [80] on the non-linear compliance-pressure relationship. 
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Fig. 2.25 Compliance-pressure curve based on the average of data obtained during 
initial study of 10 femoral arteries in 5 dogs [76]. 
Going back to the time delay. At given by Eq. 2.41，at a give the frequency, assuming 
the resistance due to the aortic valve Rc is constant, At depends on the arterial 
compliance, C, peripheral resistance, Rs only. When temperature decreases, Rs increases 
and blood pressure increases causing C to decrease. As a result, the effects of the 
changes Rs and C will cancel each other, so the value of the Ar does not change 
significant. Therefore, PTT may not change significantly when the ambient temperature 
decreases. 
2.5.4 Possible Effects of temperature on PTT-based Blood Pressure Measurement 
As PTT-based approach makes use of the change in PTT to predict the change in blood 
pressure, the value of PTT is supposed to change with blood pressure. With decreased 
temperature, blood pressure will increase but PTT may not change significantly as 
discussed in the previous sections. Hence, the value of PTT cannot reflect the change in 
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blood pressure accurately if the temperature condition for calibration and prediction is 
different. The estimated blood pressure values based on the PTT-based approach may be 
smaller than the real blood pressure values. 
In order to examine the effects of temperature on the PTT-based blood pressure 
estimation method, experiments were carried out and will be presented in the next 
chapter. More discussion about the effects of temperature with the experimental results 
will be given too. Apart from investigating the effects of the ambient temperature, the 
effects of the local temperature will also be studied in chapter 5 to see if the change in 
the local temperature can create the similar effects as the change in ambient 
temperature. 
2.6 Conclusion 
In this chapter, the principle of PTT-based blood pressure estimation was presented 
including the literature review. As temperature change is the focus of this thesis, the 
mechanism of the human body temperature regulation was also introduced. Due to 
vasoconstriction and increased blood viscosity in cool condition, peripheral resistance 
then increases. The increase in peripheral resistance will result in an increase in the 
blood pressure, as higher pressure is needed to force the blood to flow properly. On the 
other hand, increase in blood pressure will lead to decrease in compliance. 
Introducing the concept of phase delay between the pressure pulse over a known 
distance into the three-element windkessel model, relationship can be built between 
PTT, peripheral resistance and compliance. From the transfer function, it was found that 
the effects of the changes in peripheral resistance and compliance when temperature 
decreases on the phases delay will cancel each other, so the time delay, or PTT may not 
change significantly. Hence, The value of PTT might be unable to reflect the change in 
the blood pressure in the cool condition. To be specific, if the blood pressure estimation 
equation is calibrated in a warm condition, the PTT-based approach may underestimate 




Algorithms in Calculating Pulse Transit Time: 
Wavelet-Based and Derivative-Based 
3.1 Introduction 
As described in previous chapters, blood pressure can be calculated based on pulse 
transit time (PTT), which is usually defined as the time interval between two 
characteristic points: the R-wave of the electrocardiogram (ECG) and the foot of the 
peripheral pulse at finger, ear lobe or toe [26]. These characteristic points are usually 
detected by simple peak and foot detection methods such as thresholding. However, in 
some cases, the foot of the photoplethysmographic signal is not the local minimum 
while R-wave is not the peak of the E C G signal, as shown in Fig. 3.1 and 3.2. 
1 I ' • ' I I I I • ^ • I • 
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Fig. 3.1 The E C G signal with T-waves larger than R-waves. 
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Fig. 3.2 The photoplethysmographic signal with the feet which are not the local minima 
of the signal. The local minima detected by a simple detection approach based on 
thresholding are marked as *. 
As a result, the accurate values of the PTT cannot be calculated. In this study, in order 
to overcome this problem, the characteristic points of E C G and photoplethysmographic 
signals were not detected directly from the raw bio-signals. Two algorithms in 
calculating PTT: wavelet-based and derivative-based, were employed in this study and 
the results of blood pressure estimation based on them were compared. Before 
introducing this algorithm, the induction of wavelet transform and wavelet transform 
modulus maxima ( W T M M ) will be given below. 3.1.1 Wavelet Transform (WT) 
Wavelet transform is a time-frequency analysis, which employs variable windows 
according to the frequencies. For low frequency, a large window is used to provide 
higher frequency resolution such that the frequency components, which are very close, 
can be distinguished. On the other hand, a smaller window is for high frequency in 
order to extract the fast changes of the signal. 
The ideal of wavelet was initially proposed by J. Morlet and A. Grossmann in 1984. The 
mathematical foundations of wavelets were then developed by them together with Y. 
Meyer. In 1988，two researchers, Daubechier and Mallat connected wavelets and digital 
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signal processing. The definition of the continuous wavelet transform of a function f ( t ) 
is given by: 
1 oo 
Wna,T) = -= \f{t)y/\—)dt (3.1) 
where a is scale, T is shift, y/(t) is the mother wavelet and * denotes the complex 
conjugation. 
Mother wavelet is a waveform of effectively limited duration that has an average value 
of zero. In another word, a real or complex-value continuous function can be a mother 
wavelet if it possesses the following properties [81]: 
1) Its integral equals to zero: 
oo 
•i//0)dt = Q (3.2) 
« 
—oo 
2) It has finite energy: 
oo 
•I y/{t)dt |2 < oo (3.3) 
—oo 
Eq. 3.2 means the function is oscillatory or has a wavy appearance and Eq. 3.3 implies 
that most of the energy is confined to a finite duration. Thus, \|/(t) is a function of "small 
wave" or wavelet [81]. 
Fourier analysis can be regarded as breaking up of a signal into sine waves of various 
frequencies. Similarly, wavelet analysis is the breaking up of a signal into shifted and 
scaled versions of the mother wavelet. Shifting a wavelet means delaying its onset while 
scaling a wavelet means stretching (or compressing) it. High scale means wavelet is 
stretched, thus it is corresponding to low frequency, and vice versa, as shown in Fig. 3.3. 
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Haar, Daubechies, Biorthogonal and Morlet are some commonly used families of 
mother wavelets. Fig 3.4 shows the family of Daubechies as an example. 
i八 
» b 
Fig. 3.3 Morlet wavelet (a) low scale value and (b) high scale value [82]. •:PVj .:Kn :Nn :HH 
0 1 a « 0 a A 0 a < • o a 4 • • o » 
db2 db3 db4 db5 db6 
,[ : 1 It : 1 i| I 
. L — •>>^ 卜—。— “ —— 
-I -1 ！ -I I 丨 f  
• J 10 0 > 10 13 0 J 10 13 • > 10 l> 
db7 dbS db9 db10 
Fig. 3.4 One of the commonly used families of mother wavelets: family of Daubechies 
[83]. 
Practically, W T is achieved by digitizing the value of A as a set of integral powers of 2， 
i.e. a = 2/, which is called dyadic wavelet transform and given by: 
(3.4) 
^V L 2" 
3.1.2 Wavelet Transform Modulus Maxima (WTMM) 
If W T ( 2 ) is the wavelet coefficient at scale with the shift T, then the wavelet 




where x is either the right or left neighbor of To and \WT(2^, t)\ < \ WT(2^, Td)\, where t is 
the other side of the neighbor of TQ [84]. 
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Fig. 3.5 Biorthogonal mother wavelet [84]. 
By using biorthogonal wavelets (Fig. 3.5)，when the scale is small enough, W T M M can 
indicate the locations of the sharp variations in the signals [84]. Fig. 3.6 shows a signal 
with the W T M M at different scales. 
The WTMM-based technique has been applied on a number of bio-signal processing 
and analysis. Several researchers have developed algorithms for detecting the E C G 
QRS complex and other characteristic points based on W T M M . Li et al [85] reported 
that their algorithm could detect the QRS complexes based on W T M M with detection 
rate above 99.8%. P- and T-waves could also be detected, even with serious baseline 
drift and noise. Sahambi et al. described a real-time system for the detection of the QRS 
complexes as well as the onsets and offsets of the P- and T-waves based on W T M M 
[86]. In another study, Kadambe et al. proposed a wavelet transform based QRS 
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Fig 3.6 (a) Original signal; (b) wavelet coefficients of the signal and (c) W T M M of the 
signal [78]. 
3.2 Experiment 
To order study the PTT calculated based on the different algorithm, the PTT-based 
blood pressure estimation was performed. Experiment was conducted to obtain PTT and 
blood pressure. 
3.2.1 Subjects 
15 volunteers (5 females and 10 males) with no known cardiovascular abnormalities 
participated in this study. The protocol was explained to all subjects and all subjects 
gave their informed consent. 
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3.2.2 Equipment and Sensors 
Photoplethysmographic signal was obtained by a self-designed reflective 
photoplethysmographic sensor, which was composed of an infrared light emitting diode 
(LED) with wavelength of 880nm (SEP 8705, Honeywell, USA) and a wavelength 
matched photo detector (SDP8105, Honeywell, USA) as shown in Fig. 3.7. 
Lead I E C G signal was collected with an E C G machine (GRASS, Astro-med. Inc, USA). 
Three electrodes (3M Red Dot Ag/AgCl monitoring electrode with micropore tape and 
solid gel, USA) were placed on the right arm, left arm and right leg respectively. 
Photo detector LED c r ^ 
Fig. 3.7 Photoplethysmographic signal sensing unit. 
Both photoplethysmographic and E C G signals were sampled at 1 kHz, digitized by an 
analog-to-digital converter (DI-722, D A T A Q Instrument, USA) and recorded by the 
data acquisition software (WINDAQ/ Pro, USA). 
An electronic clinically used standard blood pressure meter (EP-8800, Colin, USA) 
with an occluding cuff was used to measure blood pressure on the brachial artery of the 
right arm. 
3.2.3 Protocol 
Subjects were asked to sit comfortably and quietly under the room temperature (22 土 
rC) for about 10 minutes to let his/her blood pressure be stable. Blood pressure was 
first measured with the electronic clinically used standard blood pressure meter at the 
resting state. After a 60sec rest, for alleviating the effect of the cuff, the E C G and the 
photoplethysmographic signasl obtained on the finger were recorded simultaneously. 
61 
Chapter 2 
One measurement of blood pressure with a signal recording was considered as one trial. 
Including this trial, three trials of measurement were taken for the resting state. Next, 
the subject performed running exercise on a trailmill at the speed of 8kph for 4 minutes. 
Three trials of measurement were carried out immediately after the exercise. He/ she 
then took a 20-minute rest in order to recover from the exercise. Finally, three more 
measurements were obtained at the recovery state after the rest. Hence, in total, there 
were nine sets of data per subject, three for each state: resting, exercise and recovery. 
The follow chart presents the summary of the experiment procedures: 
Resting State Exercise: 
3 trials of measurement at N Running on a trailmill at 
rest. \ the speed of 8kph for 4 
• Measurement by the �m m u t e s 
standard BP meter 1/ 
• Signal recording ^ 
tate Exercise State 
3 trials of measurement , Recovery: / U 3 trials of measurement 
after the 20-min rest: Sitting on a chair / ^immediately after exercise: 
.Measurement by the < for resting for 20- \ • Measurement by the 
standard BP meter V l min N standard BP meter 
• Signal recording * Signal recording  
Fig. 3.8 Flow chart of the experiment procedures. 
3.3 Methods 
3.3.1 Wavelet-Based Algorithm of PTT Calculation 
The W T M M with large amplitude at scale of E C G were found to be close to the Q-
waves. On the other hand, the feet of photoplethysmographic signal were close to the 
W T M M with large amplitude at scale 2? of photoplethysmographic signal. Based on the 
time interval between these points, PTT could be determined. The procedures of the 
detection of the characteristic points will be given in details in the following. 
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A. Detection of the Characteristic Points of E C G Signals 
The E C G signal of about 16 seconds (16384 sample points) was decomposed into six 
levels by wavelet transform. The W T M M of each level were found as shown in Fig. 3.9. 
Based on the W T M M observed at each scale of all the subjects, the W T M M with large 
amplitude at scale were close to the positions of the Q waves of ECG. Hence, they 
were selected as the characteristic points of the ECG. The detection for these 
characteristic points consisted of the following steps: 
1) The W T M M at scale were retained if they i) were larger than a threshold Thi，and 
ii) had a neighboring negative W T M M at the right hand side smaller than another 
threshold, Th2. 
2) The W T M M at scale 2�，which were i) larger than a threshold, T3, and ii) in the 
neighborhood of the retained W T M M at scale were considered as the 
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Fig. 3.9 E C G signal and the W T M M at different levels. 
The coefficients were divided into segments of about two seconds (2048 sample points). 
Ti, T2 and T3 were different for each segment to avoid the error caused by the suddenly 
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large variation of the amplitude in a long signal segment. For each segment, the 
thresholds were given by: 
Ti = 0.6x(max W T M M at scale within the segment) 
T2 = 0.6x (min W T M M at scale within the segment) 
T3 = 0.6x (max W T M M at scale within the segment) 
B. Detection of the Characteristic Points of Photoplethysmographic Signals 
Similarly, the photoplethysmographic signal of 16 seconds (16384 sample points) was 
decomposed into eight levels by wavelet transform. The W T M M were found for each 
scale as shown in Fig. 3.10. W T M M with large amplitude at scale H were considered as 
the characteristic points at photoplethysmographic signals. It was because based on the 
W T M M observed at each scale of all the subjects, the W T M M at scale H were close to 
the locations of the feet of the photoplethysmographic signal. The steps for detecting 
these characteristic points were: 
1) The W T M M at scale were retained if they i) were larger than a threshold Tlu, and 
ii) had a neighboring negative W T M M at the right hand side smaller than another 
threshold, Ths. 
2) The W T M M at scale which were i) larger than a threshold, Te, and ii) in the 
Q 
neighborhood of the retained W T M M at scale 2，were considered as the 
characteristic point at photoplethysmographic signals for calculating the PTT. 
Also, the coefficients were divided into segments of about two seconds (2048 sample 
points). T4, T5 and Te were different for each segment and given by: 
T4 = 0.6x (max W T M M at scale within the segment) 
T5 = 0.6x (min W T M M at scale within the segment) 
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Fig. 3.10 Photoplethysmographic signal and the W T M M at different levels. 
3.3.2 Derivative-Based Algorithm of PTT Calculation 
On the other hand, the minimum of the E C G first derivative, which was corresponding 
to the position of the shape falling of the R-wave was detected. Fig. 3.11 presents the 
locations of these points graphically. 
Also, the characteristic points of the photoplethysmographic signal extracted based on 
its first derivative. The peak of the photoplethysmographic signal first derivative 
corresponded to the position of the rising edge with the maximum slope of 
photoplethysmographic, while the zero crossing before the peak are the very close to the 
foot of the photoplethysmographic signal (Fig. 3.12). 
Pulse transit time (PTT) was defined as the time interval between the minimum of the 
E C G first derivative and the zero crossing before the peak of the first derivative of 
photoplethysmographic signal within the same beat. Fig. 3.13 shows graphically the 
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Fig. 3.11 The reference point on E C G signal for calculating PTT: (a) E C G signal; (b) 
E C G first derivative. 
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Fig. 3.12 The characteristic points on photoplethysmographic signal for calculating PTT: 
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Fig. 3.13 Definitions of PTT: (a) E C G first derivative and (b) the first derivative of 
photoplethysmographic signal. PTT is defined as the time intervals between the 
minimum of the E C G first derivative and the zero crossing before the peak of the first 
derivative of photoplethysmographic signal. 
3.3.3 PTT-Based Blood Pressure Estimation 
Instantaneous PTT was calculated as the time interval between the characteristic points 
of E C G and photoplethysmographic signals per heartbeat. The average of the first 10 
valid instantaneous PTT was considered as the PTT for that trial. 
The relationship between PTT and blood pressure was described as the straight lines: 
S B P ^ a r — ^ + b, (3.6) PTT 
DBP = a , � ~ ~ j + b2 (3.7) 2 pjj2 
where aj and a2 were the slopes, and bi and b�were the y-intercepts of the lines, a�’ a2, 
bj and b2 should be the constants obtained by the calibration based on the two sets of 
data with a wider range of blood pressure, e.g. data at rest and after exercise. However, 
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in reality, only calibration carried out at rest is preferred. For simplification, bj and b2 
were equal to predetermined constants, which were selected based on some previous 
extensive tests. In order to find the value of a � and <32, the blood pressure and PTT of the 
first trial at the resting status was considered as the calibration data (i.e. SBPcai, DBPcai 
and PTTcai). They were put into the following equations: 
a,=(SBP,,,-b,)-PTTj (3.8) 
(3.9) 
Hence, for each subject, the values of aj and “2 were calibrated by his/her own data 
(individual calibration). Data of the remaining eight trials were used for predicting the 
corresponding blood pressure based on the Eq. 3.6 and 3.7 for each subject. 
3.4 Results 
From Fig. 3.14, systolic (SBP) and diastolic (DBP) blood pressure increased 
significantly ( p < 0.05) after the exercise. After the 20-minute rest, SBP and D B P 
recovered to the values similar to those at the resting state. Heart rate increased 
significantly (p < 0.05) immediately after exercise but after 20 minutes, it was still 
significantly higher than at the resting state (p < 0.05). On the other hand, as shown in 
Fig. 3.51’ PTT decreased significantly (p < 0.05) after the exercise and then increased 
significantly (p < 0.05) at the recovery state. However, the PTT at the recovery state 
was even significantly larger (p < 0.05) than that in the resting state. 
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Fig. 3.14 The mean + standard deviation of the (a) systolic blood pressure, (b) diastolic 
blood pressure and (c) heart rate measured (*/? < 0.05 compared with resting and 
recovery states, ^ p < 0.05 compared with the resting state). 
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Fig. 3.15 The mean + standard deviation of the pulse transit time calculated by (a) 
wavelet coefficient based and (b) derivative based algorithms {*p < 0.05 compared with 
resting and recovery states, ^ p < 0.05 compared with the resting state). 
The measurement difference, the difference between the blood pressure calculated by 
the PTT-based approach and that measured by the standard clinically used device, was 
calculated. The mean and standard deviation of the measurement differences of 120 
trials from all the subjects are shown in Table 3.1. 
Table 3.1 The mean 土 standard deviation of the subject averaged measurement 
differences by using PTT calculated based on different algorithms. 
Systolic blood pressure (SBP) Diastolic blood pressure (DBP) 
Wavelet-based -2.43 土 6.61 m m H g -0.96 土 6.21 m m H g 
Derivative based -3.40 士 6.23mmHg -0.77 士 5.50 m m H g 
3.5 Discussion 
In this study, in order to enlarge the range of the blood pressure values, exercise was 
performed. It was because during exercise, systolic and diastolic blood pressure should 
increase in order to increase the blood flow to increase the oxygen supply for the 
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muscle contraction. From our results, both systolic and diastolic blood pressure 
increased at the exercise state significantly {p < 0.05). On the other hand, PTT 
decreased accordingly. Hence, the results agreed with many previous researches (detail 
in chapter 2) that PTT is inversely related to blood pressure. 
The definition of the PTT is usually referred to the time interval between E C G R-wave 
and the foot of the photoplethysmographic signal. However, simple peak detection 
methods for detecting R-wave and foot of the photoplethysmographic signal can easily 
make mistake, as T-wave for some subjects is larger than the R-wave, and the foot of 
the photoplethysmographic may not be the local minimum of the signal. On the other 
hand, these problems will not affect the wavelet- or derivative-based detection 
algorithms. It was because the characteristic pointed detected by the wavelet-based 
algorithm were the points close to E C G Q-wave and the feet of the 
photoplethysmographic signal respectively. While, the points detected by the derivative-
based algorithm were the position of the rising edge with the maximum slope of R-wave 
and the feet of the photoplethysmographic signal respectively. 
For the searching of the characteristic points by the wavelet-based algorithm, multi-
scale information was used rather than only detecting the W T M M at the scale that the 
characteristic points belonged to. The search of the W T M M was made at the larger 
scales first and then at finer scales. It was because more high-frequency noise presented 
in the lower scales, causing higher rate of false detection if directly detecting the 
W T M M at the finer scale. Also, the number of W T M M at the larger scales was smaller, 
making the searching more efficient. 
From the overall results, when the PTT was defined by the wavelet-based algorithm, the 
measurement differences was -2.43 士 6.61 m m H g for SBP estimation and -0.96 士 6.21 
m m H g for D B P estimation respectively. For the PTT defined by the derivative based 
algorithm, measurement differences was -3.40 土 6.23 m m H g for SBP estimation and -
0.77 土 5.50 m m H g for DBP estimation respectively. According to the American 
National Standard for Electronic or Automated Sphygmomanometers, on a population 
of at least 85 subjects, the mean difference in the measurement should be smaller than 土 
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5mmHg, with a maximum standard deviation of 8 m m H g [88]. Therefore, results in this 
study indicated that blood pressure estimation based on PTT calculated by both the 
wavelet-based and derivative-based approaches was quite promising preliminarily. To 
fulfill the standard, more tests on more subjects with a wider range of blood pressure are 
needed and it is considered as the future work of this study. 
In this study, it can be seen that the results of the wavelet-based algorithm were 
comparable to those of the derivative based algorithm. However, the wavelet-based 
algorithm required more complicate procedures and longer computation time than the 
derivative-based algorithm. Hence, PTT determined by the derivative-algorithm will be 
used in the following chapters to study the effects of temperature on blood pressure 
estimation. 
As the blood pressure restored to the values, which was measured at the resting state 
after 20 minutes recovery, but PTT increased to the value, which was significantly 
larger ( p < 0.05) than that at the resting state. Therefore, the measurement differences 
after the exercise should be larger as the calibration was done based on the data in the 
resting state. After the exercise, the blood pressure and PTT were not as stable as that at 
the resting. Meanwhile, after the 20-minute rest, blood pressure was almost recovered 
but heart rate was not. To some extent, the value of PTT is dependent on the heart rate 
value [26] [89 - 91], so the differences in the recovery rate of the heart rate and blood 
pressure may partly explain the large measurement differences at the recovery state. 
3.6 Conclusion 
A new algorithm for the defining the characteristic points of the photoplethysmographic 
and E C G signals for calculating PTT based on the wavelet transform was proposed in 
this chapter. Based on the studied characteristic points, a new definition of the pulse 
transit time was suggested and blood pressure was estimated based on the new 
definition of PTT in this study. The blood pressure estimation based on the PTT defined 
by the wavelet-based algorithm provided promising results and reasonable accuracy. 
The results were found to be comparable to those based on the PTT determined by the 
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derivative-based algorithm. However, because of shorter computation time and fewer 
calculation procedures of the derivative-based algorithm, PTT determined by this 
algorithm will be used in the studies of effects of temperature on PTT-based blood 




Effects of Ambient Temperature on PTT-Based 
Blood Pressure Estimation 
4.1 Introduction 
Ambient temperature is the temperature of the environment that a subject staying in. 
Across a year, the ambient temperature is changing from spring to winter. A lot of 
researches have been conducted on its effect on blood pressure (reviewed in chapter 2)， 
and most of them showed that blood pressure would increase and heart rate would 
decrease under a cool condition. In this chapter, apart from the blood pressure and heart 
rate, the effects of ambient temperature on pulse transit time (PTT) and blood pressure 
estimated by PTT-based approach will be studied. The measurement differences, 
calculated by subtracting the measured values by the "golden standard" from the values 
estimated by the PTT-based approach, in different temperature conditions were 
calculated and compared. Temperature related features extracted from the 
photoplethysmographic signals were added into the fundamental blood pressure 
estimation equations of the PTT-based approach to compensate the temperature effects. 
4.2 Experiment 
4.2.1 Subjects 
Eleven healthy volunteers (6 females and 5 males) aged 27.5 ± 7.5 years took part in 
this experiment. They have no history of cardiovascular abnormalities or neurological 
diseases. The protocol was explained to them and they all gave their informed consent. 




Photoplethysmographic signals were measured on the right index finger by the self-
designed reflective photoplethysmographic sensor composed of an infrared light 
emitting diode (LED) with wavelength of 880nm (SEP 8705, Honeywell, USA) and a 
wavelength matched photo detector (SDP 8105，Honeywell, USA). The center to center 
distance between the LED and photo detector was 8mm. 
Beside the L E D and photo detector, there was a metal case temperature sensor 
(LM35CAH, National Semiconductor, Japan) providing continuous temperature 
recording. The output of the temperature sensor was amplified and linearly proportional 
to the Celsius temperature (100mV/°C). The layout of the whole sensing unit is 
illustrated in Fig 4.1. Contacting force may be another external factor that would 
influence the waveform of the photoplethysmographic signals [92- 94]. This sensing 
unit was implanted in a standard finger probe (Fig 4.2), so that subjects would not press 
too heavily or too lightly on the sensor. 
Lead I E C G signal was collected with an E C G machine (GRASS, Astro-med, Inc). 
Three electrodes (Red Dot Ag/AgCl monitoring electrode with micropore tape and solid 
gel, 3M, USA) were placed on the right wrist, left wrist and right leg of each subject 
respectively. A manual mercury sphygmomanometer, which has been considered as the 
"golden standard", was operated by a registered nurse. 
Temperature sensor LED e r 
Photo detector 
Fig. 4.1 The layout of the sensing unit, which was composed of a LED, a photo detector 
and temperature sensor. 
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Fig. 4.2 The finger probe with implantation of the sensing unit. 
4.2.3 Protocol 
Data was collected first in a warm room (28.6 ±1.1 °C). A subject sat comfortably on a 
chair for 20-ininute before the measurement. Blood pressure was then measured at the 
brachial artery of his/ her left arm by the sphygmomanometer. Immediately after the 
blood pressure measurement, photoplethysmographic signal, E C G (Fig. 4.3) and the 
temperature were then recorded simultaneously for 15 seconds [29]. After this, other 
two sets of blood pressure and signal were measured. Hence, for each subject, there 
were three trials of measurement, where a trial of measurement means a blood pressure 
measurement with a corresponding signal recording. After the measurement in the warm 
room, the subjects moved to a cool room of 21.5 士 1.0°C. The same procedures as those 
in the warm room were carried out. Before the measurement, subjects were required to 
sit in the cool room for 20 minutes. 
(a) / U ^ ^ A — 
(b) J W V ^ / V ^ 




During the experiment, the respiratory trace was also recorded as a reference. There was 
no breathing control since quiet breathing has only negligible effects on the finger 
volume and volume pulse [33]. 
There were two sets of repeatability tests to investigate the repeatability of the effects of 
temperature on the PTT-based blood pressure estimation. The repeatability tests were 
carried out four and seven weeks after the first test. The first test is referred to Testl, 
and the two repeatability tests are regarded as Test2 and TestS respectively in this study. 
In the repeatability tests, the same group of subjects in Testl were invited to participate 
in the experiment. The equipment, environment and the protocols were the same as 
those in the first test. Besides, in Test3, five trials of measurement were taken rather 
than three trials in each of the warm and cool conditions in order to obtain more data. 
4.3 Methods 
4.3.1 Features of Photoplethysmographic Signals 
In this study, the characteristic changes of photoplethysmographic signals were 
investigated quantitatively, including the width (W), D C component (dc), pulse 
amplitude (Amp), rising time (Tr), falling time (7>)’ normalized rising area (Sr), 
normalized falling area (S/}, normalized pulse area (S). Fig. 4.4 presents the definition of 
each feature graphically. 
Beat-to-beat the features were calculated from the digitized 15-second recordings of the 
photoplethysmographic pulse signals by a computer algorithm. The time interval 
between two successive feet was referred to W, which could also be considered as the 
period of the pulse. The average of the photoplethysmographic signal was referred to dc. 
Amp was the height of the photoplethysmographic signal pulse from the foot to the peak. 
Tr was the time interval between the foot and the peak and 7} was the time interval 
between the peak and the foot of the next pulse. Rising area {Si) was the area under the 
photoplethysmographic pulse from the foot to the peak, while falling area {S2) was the 
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area from the peak to the foot of the next pulse. &was calculated by dividing Si by the 
product of the Amp and Tr, and Sf was obtained by diving S2 by the product of the Amp 
and 77 respectively. The normalized pulse area, S, was calculated by dividing the sum of 
S] and S2 by the product of the Amp and W. The mean and SD of above features for each 
trial were calculated. 
^ T � ^ 
T : V 
\ foot 
dc M > 
W 
\ r 
Fig. 4.4 Typical features of the photoplethysmographic signal: rising time {Tr), falling 
time {Tf), pulse amplitude {Amp), rising area {Si), falling area {S2), width of the pulse (W) 
and D C component {dc) of the photoplethysmographic signal. 
4.3.2 Calculation of Pulse Transit Time (PTT) 
The first derivatives of the E C G and photoplethysmographic signals were calculated. 
Pulse transit time (PTT) was defined as the time interval between the minimum of the 
E C G first derivative and 1) the peak of the first derivative of photoplethysmographic 
signal (PTTpeak)； 2) the zero crossing before the peak of the first derivative of 
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photoplethysmographic signal (PTTzci)； and 3) the zero crossing after the peak of the 
first derivative of photoplethysmographic signal (PTTzc2) within the same beat. Fig. 4.5 
shows graphically all the definitions of PTT in this study. 
(a) P  / 
Minimum of the ^ PTTzc2 
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Time (s) 
Fig. 4.5 Definitions of PTT: (a) E C G first derivative and (b) the first derivative of 
photoplethysmographic signal. PTTs are defined as the time intervals between the 
minimum of the E C G first derivative and 1) the peak of the first derivative of 
photoplethysmographic signal (PTTpeak)； 2) the zero crossing before the peak (PTTzci ) 
and 3) the zero crossing after the peak (PTTzc2). 
4.4 Results 
4.4.1 Effects of Ambient Temperature on Blood Pressure, Heart Rate and Finger 
Skin Temperature 
In all the three tests, SBP increased in cool condition but the increase was not 
significant in Test2 {p = 0.3878). For DBP, it increased significantly when the 
temperature decreased. Under the warm condition, among three tests, there was no 
significant difference in the SBP {p = 0.3866) and DBP (p = 0.1208). Similarly, in the 
cool condition, there was no significant difference in the SBP (p = 0.3828) and DBP (p 
=0.2362) among three tests. The change of blood pressure is shown in Fig. 4.6 and 4.7. 
Mean blood pressure (MBP) in all three tests increased significantly (p < 0.05) in the 
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cool condition. On the other hand, pulse pressure (PP), which is equal to the difference 
between SBP and DBP, did not change {p = 0.6791) with temperature in Testl and the 
results in Test2 {p = 0.5122) and Test3 {p = 0.1288), which was also consistent with the 
trend in Testl. 
The heart rate calculated under the warm and cool condition is shown in Fig. 4.8. In all 
three tests, under the cool condition, the heart rate was significant lower {p < 0.05) than 
that in the warm condition. 
The finger skin temperature was calculated by averaging the values over each 15-
second recording. During the experiment, there was a significant decrease in the finger 
skin temperature ( p < 0.05) when the ambient temperature decreased in all three tests. 
Fig. 4.9 shows the subject averaged finger skin temperature when the signals were 
recorded in the two different temperature conditions. 
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Fig. 4.6 The mean + standard deviation of the (a) systolic and (b) diastolic blood 
pressure measured in the warm (•) and cool (•) conditions of all tests (*/? < 0.05 
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Fig. 4.7 The mean + standard deviation of the (a) pulse pressure and mean blood 
pressure under the warm (•) and cool (•) conditions in all tests (*/? < 0.05 compared 
with the warm condition). 
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Fig. 4.8 The mean + standard deviation of the heart rate calculated in the warm (•) and 
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Fig. 4.9 The mean + standard deviation of finger skin temperature measured in the 
warm (•) and cool _ ) conditions of all tests < 0.05 compared with the warm 
condition). 
4.4.2 Effects of Ambient Temperature on the Features of Photoplethysmographic 
Signals 
Fig. 4.10 illustrates the values of the photoplethysmographic signal features in different 
temperature conditions. The pulse amplitude (Amp), falling time {Tf), the normalized 
rising area ( S f ) and the normalized pulse area ⑶ changed significantly {p < 0.05) when 
the temperature decreased in all the three tests. 
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Fig. 4.10 The mean + standard deviation of (a) rising time (7；)，(b) falling time (7», (c) 
amplitude (Amp), (e) D C (dc) (f) the normalized pulse area (S) and (g) normalized 
falling area ( S f ) in the warm (• ) and cool (• ) conditions in all tests (*p < 0.05 
compared the warm conditions). 
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4.4.3 Effects of Ambient Temperature on Pulse Transit Time 
Overall, the pulse transit time (PTT) of all the three definitions: PTTpeak ip = 0.3023)， 
PTTzci ip = 0.6870) and PTTzc2 ip = 0.5819) did not change significantly between two 
temperature conditions as shown in Fig. 4.11 in Testl. PTTpeak in Test3 {p = 0.3085) did 
not change significantly, which was similar with the finding in Testl, but in Test2, 
PTTpeak increases significantly {p < 0.05) when the temperature decreased. For PTTzci, 
in Test2 and Test3, there were no significant differences between the recordings in the 
warm and cool conditions, which agreed with the results in Testl. There was no 
statistically significant difference between the PTTzc2 under warm and cool conditions 
in Testl {p = 0.58191) and Test3 {p = 0.2374) but it increased significantly (p < 0.05) at 
cool condition in Test2. 
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Fig. 4.11 The mean + standard deviation of the pulse transit time of different definitions: 
(a) PTTpeak, (b) PTTzci and (c) PTTzc2 in the warm (• ) and cool (•) conditions in all 
tests. (*p < 0.05 compared with the warm condition). 
4.4.4 PTT-Based Blood Pressure Estimation 
Beat-to-beat PTT was calculated from each trial of the 15-second recording. The PTT of 
each trial of measurement was the average of the beat-to-beat PTT. A value of PTT 
corresponded to a blood pressure measured by the sphygmomanometer in the same trial. 
To implement the PTT-based blood pressure estimation approach, the fundamental and 
modified equations were used. 
The fundamental equations for blood pressure estimation were simple linear regression 
2 
lines between blood pressure values and PTT : 
S B P ^ a . — ^ + b, (4.1) 
DBP = a , j l ^ + b, (4.2) 
where aj and a2 were the slopes, and bj and b2 were the y-intercepts of the lines, aj, az, 
b] and bz should be the constants obtained by calibration based on two sets of data with 
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a wider range of blood pressure, e.g. data at rest and after exercise. However, in reality, 
calibration only carried out at rest is preferred. For simplicity, hi and b�equaled to 
predetermined constants, 72 and 45 respectively. The values bi and b) were selected 
based on some previous extensive tests. In this study, in order to find the values of aj 
and fl2�the blood pressure and PTT of the first trial in the warm room in Testl was 




Hence, for each subject, the values of aj and a2 were calibrated by his/her own data 
(individual calibration). Data of the remaining trials were used for prediction based on 
Eq. 4.1 and 4.2. 
If the blood pressure estimation equation is calibrated at a warm condition, the values of 
the estimated blood pressure under lower temperature based on the fundamental PPT-
based blood estimtaion equations are expected to be smaller than the blood pressure 
measured by the "golden standard" as discussed in chapter 2. To compensate the 
negative effects caused by the ambient temperature, the fundamental equations were 
modified by adding a temperature related signal feature (called compensation feature) 
into them. According to the results, among the features studied, S and Sf, which 
increased significantly when temperature decreased, were selected as the compensation 
features. The justification for this choice will be discussed in the later part of this 
chapter. 
Therefore, the fundamental equations were modified to two sets of equations, M-Eql 
and M-Eq2. For M-Eql, the compensation feature was the normalized pulse area (S) 
and the equations are given by 
SBP = a 丨 + b丨+w丨.(S-Scai ) (4.5) 
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D B P = a, . + 办2 + . ( - 5 J (4.6) 
where w � and W2 were the weighting factors, Seal was the normalized pulse area of the 
signal of the calibration data. The values of w � was set to 40 and W2 was set to 80 
respsectly. 
The M-Eq2, which contain the compensation features, the normalized falling area (Sf) 
are: 
腳=““j . P ^ + ) (4.7) 
D B P = a, . + ) (4.8) 
where wj and W4 were the weighting factors, Sfcai was the normalized falling area of the 
signal of the calibration data. The values of W3 was set to 30 and W4 was set to 50 
respsectly. 
The values of all the weighing factors were the ones providing the best performance in 
Testl after a series of trials, and the weighing factors were the same for the prediction in 
Test2 and Test3. 
The remaining data in Testl and all the data in Test2 and Test3 was used for prediction 
by using the equations calibrated by the data of the first trials in the warm condition in 
Testl. Measurement difference was calculated by subtracting the value estimated by the 
PTT-based approach from the value measured by the sphygmomanometer. It would be 
expressed as mean 土 standard deviation. 
According to the results in Fig, 4.12 and 4.13，using the fundamental equations, in the 
cool condition, the measurement differences were negatively biased with a standard 
deviation larger than those in the warm condition. By using the modified equations, M -
Eql and M-Eq2, the measurement differences could be reduced under the cool 
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condition but did not have improvement under the warm condition 
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Fig. 4.12 The measurement differences of SBP by using the fundamental equations (•)’ 
M-Eql (•) and M-Eq2 (•) in the (a) warm and (b) cool conditions. The results were 
obtained by over 102 trials from 11 subjects collected in all tests. 
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Fig 4 13 The measurement differences of DBP by using the fundamental equations (•)， 
M-Eql (•) and M-Eq2 (•) in the (a) w 讓 and (b) cool conditions. The results were 
obtained by over 102 trials from 11 subjects collected in all tests. 
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4.4.5 Evaluation of the Modified Equations of the PTT-Based Blood Pressure 
Measurement Approach 
A. Measurement Differences 
Combining all the data in Testl, Test2 and TestS under both temperature conditions, 210 
trials of measurement from 11 subjects, the measurement differences are illustrated in 
the Fig. 4.14. The measurement differences and improvement by the modified equations 
are listed in Table 4.1 to 4.3. 
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Fig. 4.14 The overall measurement differences of (a) SBP and (b) DBP based on the 
fundamental equations (•)，M-Eql (•) and M-Eq2 (•)• The results were obtained by 
over 200 trials from 11 subjects collected in all tests. 
Table 4.1 The mean and standard deviation of the measurement differences by using 
the fundamental equations. 
PTT SBP DBP 
Mean Standard deviation Mean Standard deviation  
(mmHg) (mmHg) (mmHg) (mmHg) 
PTTpeak -1.78 6.60 -3.15 8.45 
PTTzcl -1.65 6.55 -3.16 8.22 
PTTzc2 ^ I M 8.53 
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Table 4.2 Improvement in blood pressure estimation accuracy by compensating the 
effects of temperature using M-Eql (*/? < 0.05). 
PTT SBP DBP 
Mean Standard Mean Standard 
(mmHg) deviation (mmHg) deviation 
(mmHg) (mmHg) 
PTTpeak -0.13 6.02 -0.69 7.17 
Improvement -93%* -9% -78%* -15% 
PTTzci -0.01 6.16 -0.69 7.05 
Improvement -99%* -6% -78%* -14% 
PTTzc2 -0.01 7.01 -0.28 7.24 
Improvement -99%* -9% -90%* -15% 
Table 4.3 Improvement in blood pressure estimation accuracy by compensating the 
effects of temperature using M-Eq2 (*/? < 0.05). 
PTT Equation SBP DBP 
Mean Standard Mean Standard 
(mmHg) deviation (mmHg) deviation 
(mmHg) (mmHg) 
PTTpeak -0.38 6.15 -0.74 7.83 
Improvement -79%* -7% -76%* -7% 
PTTzci -0.26 6.66 -1.04 7.51 
Improvement -84%* -4% -67% -9% 
PTTzc2 -0.26 6.66 -0.97 7.53 
Improvement -98%* -12% -65% -12% 
From the results, by using the modified equations, the measurement differences could 
be reduced. For SBP, both M-Eql and M-Eq2 could provide a significant (p < 0.05) 
improvement, while for DBP, the reduction in the measurement differences by the M -
Eql was significant ( p < 0.05)，but that by the M-Eq2 was insignificant. 
B. Bland and Altman Analysis 
The results were also analyzed in two steps according to the recommendations of Bland 
and Altman [95]. The first step investigated the correlation coefficient, r and p values, 
which could indicate the correlation between the estimated and the measured values 
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with a linear relationship. This step was used to gauge the degree of agreement between 
two series of measurement. Secondly, the differences within each pair of the estimated 
and the measured blood pressure values were plotted against the mean of the pair. Such 
plot has been widely adopted to assess the agreement between the two methods. The 
recommended limit of agreement is 95%, mean difference plus or minus two standard 
deviations. Mean represents the average of the estimated and the measured blood 
pressure, which is a reasonable estimation of the unknown true blood pressure at each 
point. Difference represents the difference between the estimated and the measured 
blood pressure at each point. Table 4.4 and 4.5 present the correlation coefficients 
calculated. Fig. 4.15 and 4.16 show the scatter plots of difference against mean with 
95% limits of agreement drawn for SBP and DBP respectively, in which PTTpeak was 
used to estimate blood pressure. 
From the results of the correlation coefficients, the correlation increased for D B P by 
using the modified equations, but no much change was found for SBP. From the plots in 
Fig. 4.15 and 4.16，more data points were closer to the mean of the measurement 
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Fig. 4.15 The individual differences observed between the SBP obtained by the (a) 
fundamental equation and (b) M-Eql based on PTTpeak, according to the mean level of 
SBP calculated as (SBPestimated + SBPmeasured)/2. The mean (the solid line on the graphs) 
plus or minus two standard deviations (the dotted lines on the graphs) of the differences 
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Fig. 4.16 The individual differences observed between the DBP obtained by the (a) 
fundamental equation and (b) M-Eql based on PTTpeak, according to the mean level of 
SBP calculated as (SBPesUmated + SBPmeasured)/2. The mean (the solid line on the graphs) 
plus or minus two standard deviations (the dotted lines on the graphs) of the differences 
are marked on the graph. 
Table 4.4 Correlation coefficients between the measured and the estimated SBP by the 
PTT-based approach with PTT of different definitions {p < 0.001). 
Fundamental Eq M-Eql M-Eq2 
PTTpeak 0.84 0.87 0.86 
PTTzci 0.84 0.86 0.85 
PTTzc2 ^ ^ 0.84 
Table 4.5 Correlation coefficients between the measured and the estimated DBP by the 
PTT-based approach with PTT of different definitions (p < 0.001). 
Fundamental Eq M-Eql M-Eq2 
PTTpeak 0.39 0.63 0.55 
PTTzci 0.39 0.63 0.57 




As mentioned in the previous chapter, in a cooler environment, the peripheral resistance 
of arterial tree will increase, resulting an increase in blood pressure to push blood 
flowing from the heart. On the other hand, the heart rate decreases in order to slow 
down the rate of the heat loss to the environment through the skin surface. From the 
results in the experiment, staying in the cool condition, the blood pressure of the 
subjects increased while heart rate decreased, which agrees with the findings of the 
previous researches reviewed in chapter 2. 
At the same time, blood pressure was estimated using the PTT-based approach. 
According to the results in the experiment, PTT of any definitions did not change with 
the ambient temperature. However, blood pressure measured by the manual mercury 
sphygmomanometer ("golden standard") increased significantly. Therefore, PTT-based 
blood pressure estimation using the fundamental equations failed to reflect the change 
of blood pressure with ambient temperature. Hence, modification on the fundamental 
equation is needed. 
To modify the fundamental equation, some features including were extracted from the 
photoplethysmographic signals, including the width (W), D C component {dc), pulse 
amplitude {Amp), rising time (Tr), falling time (7}), normalized rising area (Sr), 
normalized falling area (S/) and normalized pulse area (S). Among these features, Amp, 
T f , Sf, dc and S changed with temperature. Amp and dc could be easily affected by many 
other factors, such as the voltage and current supply to the device. On the other hand, 7} 
strongly correlated with the heart rate instead of ambient temperature (this point will be 
further discussed in the next chapter). As S of each pulse is the pulse area divided by the 
amplitude and period of the pulse, it becomes a dimensionless parameter. Similarly, Sf is 
obtained by diving fall area by the product of the amplitude and the falling time, it is 
also dimensionless. They only depend on the waveform or shape of the pulse, while the 
waveform changes with temperature. 
Fig. 4.26 shows the photoplethysmographic signal waveform under the two different 
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temperature conditions obtained from one of the subjects. The peaks of the 
photoplethysmographic signal were less sharp or more rounded at the cool condition. 
The second peak, which is called dicrotic notch and classically attributed to the closure 
of the aortic valve at the end of ventricular systole [96] [97], under the cool condition 
climbed towards the peak of the pulse. As a result, the peak became less sharp. Under 
low temperature, vasoconstriction occurs and the filling of the arterial bed is incomplete, 
so the runoff might be faster [96]. Due to the decrease in the sharpness of the peak and 
position changing of the second peak in the cool condition, Sf increased, and so as the 
normalized pulse area {S). Since there was no change in the waveform between the foot 
and the peak as temperature decreased, the normalized rising area (Sr) did not change. 
As a result, the normalized falling area (S/) and normalized pulse area (S) were 
considered as the compensation factors for the modified equations. 
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Fig. 4.17 Photoplethysmographic signals in the (a) warm and (b) cool conditions. 
Based on the data collected in first test (Testl) and the two repeatability tests (Test2 and 
Test3), under the cool condition, the measurement differences of both SBP and DBP 
were reduced significantly (p < 0.05) by the use of the modified equations. On the other 
hand, at the warm condition, the measurement differences remained similar as 
compared to those obtained by the fundamental equations. Therefore, the modified 
equations could improve the accuracy of blood estimation under the cool condition but 
would not deteriorate the accuracy under the warm condition. 
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From the results lumping all the trials in all of the tests under both temperature 
conditions, the measurement differences for both SBP and DBP were significantly 
reduced with a smaller standard deviation by using M-Eql. While, by M-Eq2, the 
improvement was significant for SBP only. It is concluded that the modified equations, 
especially M-Eql，definitely can consistently provide a more accurate estimation of 
blood pressure than the fundamental equations. 
According to the American National Standard for Electronic or Automated 
Sphygmomanometers (AAMI) Standard, on a population of at least 85 subjects, the 
mean differences in the measurement should be smaller than 土 5mmHg，with a 
maximum standard deviation of 8 m m H g [88]. With the use of the M-Eql, the 
measurement differences were ~0.13 土 6.02 mmHg, -0.01 ±6.16 and -0.01 ±7.01 for 
PTTpeak, PTTzci and PTTzc2 respectively. All the measurement differences fall within the 
A A M I Standard. Therefore, the modified equations are quite promising preliminarily. 
To fulfill the standard, more tests on more subjects with a wider range of blood pressure 
should be needed. 
Apart from the S and Sf, some of the photoplethysmographic signal features changed 
significantly with the temperature. The heart rate decreases under low temperature 
would reduce the blood flow to the skin in order to minimize the heat loss from the skin. 
As it is found that the correlation between 7} and heart rate was high (r = -0.9515), a 
decrease in heart rate would result in an increase of 7}. 
The D C component of the photoplethysmographic signal (dc) increased significantly 
under the cool condition. In fact, dc represents the light reflected from the blood vessel, 
which is inversely related to the total blood volume [98]. Total blood volume passing 
the skin decreased due to vasoconstriction under cool condition, hence less light was 
absorbed and more light was reflected. 
The amplitude of the photoplethysmographic signal {Amp), which indicates the change 
in the blood volume of passage [96], became smaller under the cool condition. At the 
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same time, the blood volume is related to the compliance, =—• Referring to chapter 
2，AP, the change of pressure regarded to the change in the transmural pressure, is the 
difference between the internal and external pressure. As the external pressure, 
atmosphere pressure, is assumed to be a constant, any change of pressure should be 
considered as the change of the internal pressure, the pulse pressure. The pulse pressure 
is the difference between systolic and diastolic pressure. In all the three tests, pulse 
pressure did not change as shown in Fig. 4.7 (a). Meanwhile, compliance has been 
found to be smaller when blood pressure increased as reviewed in chapter 2. In this 
study, blood pressure was higher under the cool condition. Hence, a smaller compliance 
should be found under the cool condition. Without the change of pulse pressure, the 
decrease of the variation of volume, AV agreed with the suggestion that compliance 
should decrease. Therefore, Amp reflecting the change in the blood volume of passage 
decreased. 
To make sure ambient temperature was the only dominant external effect on the subject 
or the signals, the sensing unit was implemented into a finger probe, which can hold the 
finger firmly. From the spectra of the respiratory signals, for all subjects, there was no 
significant difference ( p < 0.05) in the respiratory rate between two conditions. Hence, 
the effect of the respiration in this study could be alleviated. 
In order to know the consistency of the effects of temperature on blood pressure and the 
measurement differences, the same group of subjects enrolled in the two repeatability 
tests (Test2 and Test3) in four weeks and seven weeks after the first test (Testl). The 
trends of changes in the subject averaged heart rate and blood pressure with temperature 
in the three tests were very similar, so the overall responses of the subjects to the 
temperature change in Testl could be reproduced in the two repeatability tests. PTT did 
not change with temperature in Testl and Test3, but PTT in Test2 increased significantly 
{p < 0.05). The inconsistency of the results in Test2 might be due to some other factors, 
such as emotional changes or other factors, which may affect the vessel elasticity. 
Besides, in the repeatability tests, the measurement differences could also be reduced by 





In this study, the effects of ambient temperature change on blood pressure, heart rate 
and PTT were investigated. Besides, blood pressure was calculated by the PTT-based 
approach using the fundamental and modified estimation equations. It was found that 
the modified equation could provide higher accuracy in estimating blood pressure than 
the fundamental equation. 
From the results, the changes in blood pressure and heart rate with temperature agreed 
with the results of lots of previous reports reviewed in chapter 2. The hypothesis that 
PTT-based approach would underestimate the real blood pressure values was also 
verified. 
Three sets of experiment with same protocol on the same group of subjects were carried 
out. It was found that the modified equations calibrated in the first test could 
successfully reduce the measurement differences in all tests. Combining the data in all 
of the three tests, the overall measurement differences were significantly reduced with 
smaller standard deviation for both SBP and DBP by the modified equations. 
A modified blood pressure estimation equation was proposed by adding a temperature 
related photoplethysmographic signal feature, the normalized pulse area {S) or the 
normalized falling area {Sf) to indicate the change in temperature. By the modified 
equations, the measurement differences, calculated by subtracting values estimated by 
the PTT-based approach from the measured values were reduced with a smaller 
standard deviation. 
In conclusion, for the PTT-based blood pressure estimation approach, the modified 
equation proposed in this study can provide a more accurate blood pressure estimation 
than the fundamental equation when the ambient temperature changes. The robustness 




Effects of Local Temperature on PTT-Based 
Blood Pressure Estimation 
5.1 Introduction 
Local cooling is quite common in our daily life. For example, after washing hand or 
holding a cold drink, people will find their hands and fingers become cooler than before. 
Following up the effects of ambient temperature change studied in chapter 3 and 4，in 
this chapter, the effects of local skin temperature change, by mild local cold tests, on 
pulse transit time (PTT), blood pressure and the PTT-based blood pressure estimation 
approach will be studied. 
5.2 Methods 
For the investigation of the effects of the mild local cooling, three independent sets of 
tests were carried out. In each test, a local cool test (CT) was performed by immersing 
the right index finger into cold water for two minutes. Before and immediately after the 
cool test, blood pressure and bio-signals were recorded. The equipment and procedure 
of each trial of measurement was same as that presented in Chapter 4. The water 
temperature was similar and the duration of local cool test was same in the three tests. 
The main difference among these three tests was the room temperature of the tests 
carried out as shown in Table 5.1. 
The methods for signal processing and data analysis were the same as those described in 
the chapter 4. The blood pressure, heart rate, PTT and features extracted from 
photoplethysmographic signals before and after each cool test were compared. Blood 
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pressure was only estimated in Set2 and Set3, as the number of trails in Setl was not 
enough to do so. 
Table 5.1 The summary of the three sets of tests. 
Test Room Temperature Water Temperature No. of Subjects No. of Trials 
TO TO  
Set 1 26.0 9.0 ± 2.0 13 Before CT: 1 
After CT: 1 
Set2 21.5 9.6±1.2 11 Before CT: 3 
After CT: 3 
Set3 28.6 10.0 土 0.6 11 Before CT: 3 
After CT: 3 
5.3 Results 
5.3.1 Effects of Local Temperature on Blood Pressure, Heart Rate and Finger 
Skin Temperature 
Among 3 tests, the mild local cooling did not affect neither the heart rate nor blood 
pressure significantly as shown in Fig. 5.1 to 5.3. On the other hand, the local cool test 
caused the finger skin temperature decreased significantly {p < 0.05) as shown in Fig 
5.4. 
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Fig. 5.1 The mean + standard deviation of the heart rate calculated at before (•) and 
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Fig. 5.2 The mean + standard deviation of the blood pressure measured at before and 
after cool tests in (a) Setl, (c) Set2 and (c) CT3. There was no significant change after 
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Fig. 5.3 The mean + standard deviation of the mean blood pressure measured before (•) 
and after (•) cool tests. There was no significant change after the cool tests. 
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Fig. 5.4 The mean + standard deviation of the finger skin temperature measured before 
(•) and after (•) the cool tests (*/? < 0.01 compared with the data before CT). 
5.3.2 Effects of Local Temperature on Pulse Transit Time 
Overall, the pulse transit time of any definition did not change significantly after either 
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Fig. 5.5 The mean + standard deviation of the pulse transit time calculated before and 
after the cool tests in: (a) Setl, (b) Set2 and (c) Set3. There was no significant change 
after the cool test for PTTpeak (•)，PTTzci (•) and PTTzc2 (•). 
5.3.3 Effects of Local Temperature on the Features of Photoplethysmographic 
Signals 
The table below lists the changes of the photoplethysmographic signal features before 
and after the local cool test under each temperature condition. The definitions of the 
photoplethysmographic signal features can be referred to chapter 3. From the table, 
pulse amplitude {Amp), the normalized falling area {Sf), and the normalized pulse area 
{S) changed significantly (p < 0.05). 
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Table 5.2 The changes of the photoplethysmographic signal features before and after 
each local cool test (* p-value < 0.05). 
Features Setl Set2 Set3 
Tr (ms) Not significant Not significant Not significant 
Tf (ms) Not significant Not significant Not significant 
Amp (V) Decreased* Decreased* Decreased* 
dc (V) Not significant Not significant Not significant 
Sr Not significant Not significant Not significant 
Sf Increased* Increased* Increased* 
S Increased* Increased* Increased* 
5.3.4 Effects of Local Temperature on PTT-Based Blood Pressure Estimation 
Based on the PTT obtained in Set2 and Set3, blood pressure was calculated by using the 
fundamental estimation equations calibrated by the data of the first trial obtained before 
the cool test. After cool tests, the absolution value of mean and standard deviation of the 
measurement differences were smaller than 5 士 8 m m H g and did not significantly 
different from the results obtained before the cool tests as shown in Fig. 5.6 and 5.7. 
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Fig. 5.6 The measurement differences by using the fundamental equations using PTTpeak 
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Fig. 5.7 The measurement differences by using the fundamental equations using PTTpeak 
(• )，PTTzci ( •) and PTTzc2 (•) for (a) SBP and (b) DBP before and after cool test in 
Set3. 
5.4 Discussion 
The heart rate and blood pressure did not change significantly (p > 0.05) before and 
after the cool tests in the three sets of tests. It might be because the change in the 
peripheral resistance by this mild local cooling was local, which was not large enough 
to influence the pace maker to pump harder in order to exert higher pressure to make the 
blood flow or change the rate of pumping. 
In fact, from some previous reports, cool test, by placing part of the body into ice water, 
could induce some influences on the blood pressure and heart rate [99 - 104]. However, 
the purpose of this study is to investigate the effects of mild local cooling on blood 
pressure measurement, but not the nervous response by icing the finger. Also, the 
temperature under investigation is hoped to be in the comfortable range as it is more 
close the situation in the daily life. According to the report from Brajkovic et al. [104], 
finger comfort should be larger than 23°C. From the study of the University of 
Maryland Medicine, the normal skin temperature in cool weather is from 32.2 to 33.9°C, 
while the lowest value could be 21.1 to 22.8 °C without any core cooling [105]. 
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Therefore, we did not investigate the skin temperature of the finger below 20 °C, as it is 
not common and impractical. To achieve the temperature close to the finger comfort, the 
water for the cool test was not ice water but the water of about 10 °C. However, we 
cannot exclude the possibility that PTT, heart rate and blood pressure may be changed 
with local skin temperature when the cool test is performed with a lower temperature 
below the testing range reported here. 
Since the transmission of the pulse wave should depend on the elasticity of the whole 
path that the pulse transits. It should not be affected by local vasoconstriction. Therefore, 
there was no significant change {p < 0.05) in the PTT after the cool tests. Both blood 
pressure and PTT did not change after cool tests, so it is reasonable that no 
compensation was considered. 
To modify the fundamental equation, the normalized pulse area {S) or the normalized 
falling {Sf) was added into it. After the local cool tests, Sf and S decreased significantly. 
The trends of their changes were the same as those obtained by ambient temperature 
change. 
Among the features extract from photoplethysmographic signal, apart from the S and Sf, 
pulse amplitude {Amp) decreased significantly. After the local cool tests, local 
vasoconstriction happened as the cooling was only on the finger locally. The local 
resistance of the blood vessel under the skin of the finger increases due to the local 
vasoconstriction under the lower local temperature. This will result in a decrease in the 
peripheral flow and a concomitant reduction in the elastance of the arterial tree. This 
may dramatically reduce the amplitude of the photoplethysmographic signal [96]. 
By the mild local cool test, the finger skin temperature could be reduced significantly. 
The skin temperature after the cool test in Set3 and Set 1 was lower than that in Set2. It 
should be accounted for the fact that the temperature difference between the water and 
the surrounding was larger in Set2 than that in Setl and Set3. Due to a higher 
temperature gradient in the warm condition, after the finger was taken out from the cold 
water, its skin temperature would recover much faster in Set2 than in Setl and Set3. It 
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was because the fingers absorb heat from the surrounding at a higher rate. 
From the spectra of the respiratory signals, for all subjects, there was no significant 
difference {p < 0.05) in the respiratory rate before and after the cool tests. Hence, the 
effect of the respiration in this study could be alleviated. 
5.5 Conclusion 
The influences of mild local cooling on blood pressure, heart rate, pulse transit time and 
the blood pressure calculated by the PTT-approach were studied in this chapter. It is 
found that there was no significant effect on the blood pressure, heart rate and pulse 
transit time. Using the fundamental equations calibrated in before the cool tests, the 
blood pressure estimated by the PTT-based approach was still quite accurate after the 
cool tests and no compensation was needed. 
All in all, the change in the local skin temperature, which was in the comfortable range, 
could create the similar effect on the blood pressure as the change in ambient 
temperature. Unless there was a change in the ambient temperature, mild local cool test 
did not affect the accuracy of the PTT-based blood pressure estimation and no 




Conclusion and Future Study 
The thesis studies the effects of temperature on the PTT-based blood pressure estimation. 
The major contributions of this thesis are summarized in this chapter: (1) a new 
wavelet-based algorithm in calculating PTT with comparison to the derivative-based 
algorithm. (2) study on the effects of ambient and local temperature on the deviation of 
the PTT-based blood pressure measurement method from the "gold standard", and (3) 
evaluation of a newly proposed PTT-based blood pressure algorithm with temperature 
compensation, Furthermore, some potential research directions are described in this 
chapter. 
6.1 Major Contributions 
A new wavelet-based algorithm in calculating PTT with comparison to the 
derivative-based algorithm: A wavelet-based algorithm in calculating PTT has been 
suggested in this thesis. PTT is defined as the time interval between the wavelet 
coefficients at some specific scales of the E C G and photoplethysmographic signals. 
Blood pressure is estimated based on the PTT determined by the wavelet-based 
algorithm. The measurement differences between the estimated and measure values, 
based on 120 trials of measurement from 15 subjects, are —2.19 士 6.92 m m H g for 
estimation of systolic blood pressure (SBP) and -0.96 土 6.21 m m H g for estimation of 
diastolic blood pressure (DBP) respectively. Its performance, evaluated based on the 
measurement differences, is satisfactory. On the other hand, by using the PTT calculated 
by the derivative-based algorithm, the measurement differences are -3.40 士 6.23 m m H g 
for estimation of SBP and -0.77 土 5.5 m m H g for estimation of DBP, which are 
comparable to the results by using the PTT calculated by the wavelet-based algorithm. 
Due to shorter computation time and fewer procedures of the derivative-based 
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algorithm, the derivative-based is selected for studying the effects of temperature on the 
PTT-based blood pressure measurement. 
Investigation on the effects of temperature on PTT-based blood pressure 
measurement method: The study employed the theories of hemodynamic to relate 
temperature, blood pressure, and PTT. Decrease in the ambient temperature are known 
to induce vasoconstriction, which leads to an increase in the peripheral resistance. 
Besides, peripheral resistance is further increased by the rise in the blood viscosity 
under the decreased ambient temperature. An increase in peripheral resistance will 
result in an increase in blood pressure, and so the arterial compliance. On the other hand, 
based on the windkessel model, the effects of temperature on PTT, which is determined 
by the arterial compliance and peripheral resistance, are far more complicated. At a 
lower temperature, PTT has a tendency to decrease when arterial compliance is lower 
caused by an increase in blood pressure, while a contrary effect on PTT can be 
explained by the increase of peripheral resistance. It is therefore suggested that changes 
in PTT given changes in temperature are insignificant. As a result, it is hypothesized 
that the blood pressure estimation using the fundamental equation (a linear regression 
line that relates blood pressure with the reciprocal of squared PTT) will underestimate 
the blood pressure when ambient temperature decreases. 
Newly proposed blood pressure measurement algorithm with temperature 
compensation: An experiment has been conducted on 11 subjects and the theory about 
the effects of ambient temperature on blood pressure measurement by the PTT-based 
approach have been verified. PTT and blood pressure has been obtained from the 
subjects when staying in the warm (28.6 士 1.1。C) and cool conditions (21.5 士 1.0。C). It 
has been found that blood pressure rises significantly but PTT does not have any 
significant change. Hence, by using the fundamental equation, the blood pressure is 
underestimated. To overcome the effects of temperature, the fundamental equations 
have been modified by adding a temperature related feature: the normalized pulse area 
(S) or the normalized falling area {Sf) into them. The modified equations have been 
proved to improve the accuracy of blood pressure measurement and the robustness has 
been verified by two repeatability tests. Under the cool condition, based on the data 
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obtained from 11 subjects, 112 trials of measurement, it has been found that by using 
the modified equations, the measurement differences between the estimated values and 
those measured by the "golden standard" have been reduced from -5.02 ± 8.23 m m H g 
to -2.01 土 7.89 m m H g for systolic blood pressure (SBP) estimation and from —6.75 士 
8.01 m m H g to -2.26 土 7.26 m m H g for diastolic blood pressure (DBP) estimation 
respectively. When data recorded in both the warm and cool conditions are analyzed, for 
210 trials recorded on 11 subjects, the measurement differences have been reduced 
significantly from -1.77 土 6.69 m m H g to -0.13 士 6.01 m m H g for SBP estimation and 
from -3.15 士 8.45 m m H g to -0.69 土 7.17 m m H g for DBP. All the improvements are 
significant at the 0.05 significance level (p-value = 0.05). 
Effects of local cooling on PTT-based blood pressure measurement: Apart from the 
ambient temperature, the effects of mild local cool tests have been studied on 13 
subjects. Subjects' fingers skin temperature is around 20 °C after immersing the finger 
into water of about 10 °C. It has been found that there is no significant change in both 
PTT and blood pressure, so no compensation is needed after mild local cooling. 
6.2 Future Study 
In order to achieve higher accuracy of the PTT-based cuffless blood pressure 
measurement, a list of possible topics are suggested as the followings: 
Adaptive weighing factors: The responses of blood pressure on changes in 
temperature is subject dependent, so the degree of compensation should also be 
different. Therefore, adaptive weighting factors, which are determined for each subject 
individually, should be used. For instance, the weighing factor can be determined by 
some values extracted from the photoplethysmographic signals, or their changes with 
temperature. 
Investigation of core temperature change: The elasticity of the arterial wall and the 
physiological responses should be different in the patients with fever. The change in the 
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PTT will more complicate. Hence, other compensation schemes may be needed for 
them in order to have more accurate blood pressure measurement. 
Larger scale tests: The modified equations of the PTT-based blood pressure estimation 
approach should be verified by more tests on a larger number of subjects with a larger 
range of blood pressure. For example, people with hypertension should be included in 
the testing to evaluate the feasibility of the approaches proposed in this thesis. 
According to the American National Standard for Electronic or Automated 
Sphygmomanometers, the study should be carried out on a population of at least 85 
subjects. The mean of the measurement differences between a newly proposed blood 
pressure estimation method and the "gold standard" should be smaller than ±5 m m H g 
and the maximum standard deviation is 8 m m H g [73]• In order to fulfill the standard, 
more tests on subjects with larger range of blood pressure are necessary. 
Specific populations: Specific populations such as the obese, the elderly, children and 
pregnant women may require special attention with regard to the use of the cuffless 
blood pressure measurement proposed in this thesis. Hence, other compensation 
schemes may be needed for them in order to have more accurate blood pressure 
measurement. 
I l l 
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Reduction of Motion Artifacts from 
Photoplethysmographic Recordings by a Wavelet 
Denoising Approach 
A.l Introduction 
A. 1.1 Motion Artifact 
For non-invasive measurement, motion artifact is one of the headache problems. Motion 
artifact is the noise or distortion on the signals induced by movement of the electrodes 
over the skin. It is random and contains a wide range of frequency components. In this 
whole thesis, as the photoplethysmographic (PPG) signals obtained from the finger 
were the most important signal under investigation, the motion artifact caused by the 
movement of the hands on PPG signals would be the focus in this chapter. 
Based on the PPG signals, many physiological parameters including pulse transit time, 
heart rate and blood oxygen could be calculated. To calculate these parameters, 
detection for the peak of the PPG signals may be needed. However, with motion artifact, 
the waveform is distorted, such that false peaks would appear or the positions of the 
peaks would shift. As a result, peaks cannot be detected accurately inducing inaccurate 
estimation of the physiological parameters. 
The fixed band filter is not advised for the reduction of motion artifact as the spectrum 
components (0.5 - 35 Hz) of the motion artifact is overlap with the representative 
spectrum components of the PPG signal [1]. The information content below 2 Hz 
contains the most important clinical information, while above 2 Hz is due to the 
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harmonics and has minimal clinical value [2]. Therefore, wavelet transform, which can 
decompose the signals into multi frequency levels, may be a useful tool for this. 
A.1.2 Stationary Wavelet Transform (SWT) 
The standard discrete wavelet transform (DWT) is implemented as a series of high- and 
low- pass filters in pair. Followed each level of decomposition, the output of the filter 
is downsampled (Fig. A.l). On the other hand, for stationary wavelet transform (SWT), 
no downsampling is performed (Fig. A.2) [3]. Hence, two output sequences from the 
filters at each level have the same length as the original sequence. The filters at each 
level are padded with zeros. S W T has shown its potential applications in statistics. 
~ • High pass • 
—• ——• High pass • 
^ H Low pass I •! High pass | • 
——• Low pass ~ • 
—• Low pass ——^ 
Fig. A.l Implementation of D W T by a series of high pass and low pass filters with 
downsampling at each level. 
~ • High pass • 
• ~ • High pass ~ • 
H Low pass I • •! High pass | • 
——• Low pass ——^ 
—• Low pass ^ 
Fig. A.2 Implementation of S W T by a series of high pass and low pass filters without 
downsampling at each level. 
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Fig. A.3 Wavelet coefficients at different level: upper panel is by D W T and the lower 
panel is by S W T [3]. 
A.2 Experiments 
A.2.1 Subjects 
Fifteen male volunteers took part in the experiment under room temperature (22 土 1°C). 
The procedures of the experiment were explained to all subject and they all gave their 
consent. 
A.2.2 Equipment 
In the experiment, two identical PPG circuits, which contained PPG sensors, amplifier 
and bass-pass filter, were used. One is for obtaining contaminated signals at the right 
hand and another is for the reference signals at the left hand simultaneously. 
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The self-designed reflective PPG sensors were composed of an infrared light emitting 
diode (LED) with wavelength of 880nm (SEP 8705, Honeywell) and a wavelength 
matched photo detector (SDP 8105，Honeywell). The output signal of the photo detector 
was band pass filtered (cutoff frequencies: 0.5Hz and 35Hz) and amplified by 50 times. 
Photo detector LED 
Fig. A.4 PPG sensing unit: composed of a LED and a photo detector. 
The PPG signals were sampled at 1 kHz, digitized by an analog-to-digital converter 
(DI-722, D A T A Q Instrument) and recorded by the data acquisition software 
(WINDAQ/ Pro). 
A.2.3 Protocol 
The subjects sat comfortably and quietly on a chair for five minutes before the 
experiment. One PPG sensor on the subject's left index finger was held in a stable 
position to obtain a reference signal as a standard. Meanwhile, the right index finger, 
holding another PPG sensor, moved vertically or circularly to create signals with 
motion artifact. For each subject, one set of data was collected for each motion. The 
PPG signals acquired from two hands were assumed to be identical if both of them are 
stable. 
I ^ t ^  
^ r - ^ nZD^ ) ^ ^ J 





A. Circular Motion 
All the PPG signals were downsampled to 200Hz. The contaminated PPG signals were 
decomposed by the seven-level SWT. All the coefficients at the level (the lowest 
frequency range) were set to zero to remove the very low frequency noise. From levels 
one to six, the coefficients larger than the threshold were set to the value of the 
threshold and the threshold at each level was equal to the average coefficients at that 
level. Signal was reconstructed by inverse of SWT. 
B. Vertical Motion 
All the PPG signals were downsampled to 200Hz. The noise reduction algorithm for the 
vertical motion consisted of two stages - the first stage was same as the procedures for 
the circular motion and the second stage involved the wavelet transform modulus 
maxima (WTMM), which is introduced in chapter 5. 
Followed the signal reconstructed by the inverse of S W T at the previous step, the signal 
was decomposed by D W T and W T M M were calculated. At each scale, if the absolute 
value of the W T M M was smaller than a threshold, it was set to zero. The signal was 




PPG signal with M A 




All the coefficients at level 7 (the 
lowest frequency) were set to zero 
Y  
At scale 1 to 6，the coefficients larger than a 
threshold were set to the threshold 
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W T M M were found for the 
reconstructed signal 
X  
At each scale, if the absolute value of the W T M M 
was smaller than a threshold, it was set to zero __ r 
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A.3.2 Data Analysis 
Peaks were detected for the reconstructed, contaminated and reference signals (Fig. A.8 
and A.9) respectively. If is defined as time interval between two successive peaks 
with": 1， i V as shown in Fig. A.7, instantaneous heart rate (IHR) is given by 
IHR 二 ^ (Eq.A.l) 60 
Heart rate (HR) is defined as the mean of the IHR and heart rate variability (HRV) is 
the standard derivation of [4].腿，HR and H R V were estimated from the 
reconstructed and contaminated signals for each subject. The estimation error was 
defined as the mean of the difference between the parameters estimated from the 
contaminated or reconstructed and reference signals. The estimation errors calculated 









The following figures show the contaminated, reconstructed and reference PPG signals 
for different motions. 
(a) S A J l ^ ^ ^ j w X / V V w W 
(b) ^ ^ ^ V ^ K N A ^ N N t w w W ^ 
(c) \KM\KM\AKM 
Fig. A.8 For the vertical motion, (a) contaminated; (b) reconstructed; and (c) reference 
signal. The symbol * indicates the location of the detected peak. 
(a) 
(b) 
(0 r ^ ^ j v / x j M ^ ^ ^ ^ v N J ^ 
Fig. A.9 For the circular motion, (a) contaminated; (b) reconstructed; and (c) reference 
signal. The symbol * indicates the location of the detected peak. 
For vertical motion, a clear improvement in the estimation error of the H R and IHR was 
shown in 14 subjects. On the other hand, the results of 13 subjects showed an 
improvement in the H R V estimation. The overall results for all subjects demonstrated 
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that there were 87% reductions in H R estimation eiror, 76% in H R V estimation error 
and 66% in IHR estimation error. 
For circular motion, the H R and IHR estimation error was reduced in 12 subjects and 
H R V estimation error was decreased in 11 subjects. There were 61% reductions in H R 
estimation error, 70% in H R V estimation error and 46% in instantaneous H R error in 
the overall results. All the results are shown in Fig. A.IO，A.ll and A.12. 
25 
2 0 - T 
1 





5 h* II 
Vertical Circular 
Fig. A. 10 Averaged H R estimation error with the standard derivation for all subjects of 









0.5 - r ~ H * T 
0 LJ__LL I __ i L 
Vertical Circular 
Fig. A. 11 Averaged H R V estimation error with the standard derivation for all subjects 
of vertical (•) and circular (•) motions. 
4 0 
35 - 丁 
30 -
•昌 25 _ T 
r - 丄 
g l5 -s r ^ * 
IL 
Vertical Circular 
Fig. A. 12 Averaged IHR estimation error with the standard derivation for all subjects of 
vertical (•) and circular (•) motions. 
A.5 Discussion 
The objective of this study is to develop a wavelet based approach for the motion 
artifact reduction of the PPG signals. The techniques including stationary wavelet 
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transform and wavelet transform modulus maxima were applied to propose a method 
which can reduce the error for the heart rate related parameter estimation. From the 
results, the overall estimation errors were reduced. 
Before the beginning of the denoising procedures, the signals were downsampled from 
lOOOHz to 200Hz. It is because if the sampling rate is lower, smaller number of the 
levels of d ecompos i t i on will be needed to reach the low frequency range which is cover 
the motion artifact and PPG signals. In fact，the components at very high frequency 
range are useless for denoising as the frequency range of motion artifact is not so high. 
D o w n s a m p l i n g hence can help to save time and effort to decompose the signals in to 
too many levels without losing any important information. 
At the lowest scale (the highest frequency), all the S W T coefficients were set to zero 
because it should be co r responding to the low frequency noise. S W T coefficients of the 
contaminated and reference signals were compared at levels one to six and it is found 
that the values of positive coefficients of the contaminated signal were larger than those 
for reference signal. This difference should be due to the motion artifact. Hence, the 
coefficients of the contaminated signals larger than a threshold, which is the average 
value of the coe f f i c i en t s at that scale, were set to the value of the threshold. The value 
of the threshold was based on a series of trials, so it may not be the optimal for all 
subjects. Obviously, the waveform of the reconstructed signal relied on this threshold 
and hence the result also may not be optimal for every subject. 
In this study, the vertical and circular motions were investigated. From the waveforms 
of the signals, the vertical motion contributed to the noise with high frequency 
c o m p o n e n t s , while the circular motion created the noise with low frequency 
c o m p o n e n t s . Both noise at high and low frequency range hence could be studied. 
It was a s s u m e d that the PPG signals obtained at two hands were the same and the PPG 
signal obtained at the left hand simultaneously was considered as a reference signal 
when right hand was moving. However, it may not always be true due to the structure, 
muscle, length, size, skin and etc. different between the fingers. Hence, the H R and 
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H R V estimated by the clean signal at the right hand might be still a bit different from 
those estimated from the reference signal obtained at left hand. 
The motion created by subjects was difficult to control. In some cases, the signals 
acquired from a subject were not similar to those by other although the similar motion 
was created. For this kind of cases, the results were poor. 
A.6 Conclusion 
The results of our present study suggested that the wavelet transform based denoising 
method on PPG signal could improve the perfonnance in the estimation of the H R and 
H R V For further improvement, adaptive threshold across the time-axis should be 
considered. Investigation on the possible signal difference between two hands is needed 
and this difference should be taken into account to improve the estimation. 
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Derivation of the Moens-Korteweg Equation 
The derivation was proposed by Fung [1]. The assumptions are incompressible and 
non-viscous flow, and infinite length and very thin wall. 
By Navier-Stokes equation, 
化二 _丄迎 （B.l) 
dt p dx 
where u is the velocity in x-direction as shown in Fig. B.l. 
dx 
< • 
‘ ^ du , 
• • u+ — dx “ • • dx 
L z r r z z r z r r d : ： ^ 浙 
Fig. B.l Flow of a fluid. 
By the conservation of mass, 
. . dm ^in-^out (B.2) 
where m.^ is the input mass rate, is the output mass rate and m is the mass. As 
m = pVA，Eq. B.2 becomes 
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-p^7rR'dx = 27rR^pdx 
P dx ^t 
化二一1巡 （B.3) 
dx R dt 
According to Eq. 2.22 and taking the mean value of P as an arbitrary zero, 
Eh— = RdP R 
迟 化 (B.4) 
dt Eh dt 
Combining Eq. B.3 and B.4, we have 
Eh dt 
竺 竺 （B.5) 
Eh dt 
Differentiating both sides of Eq. B.5 with respect to t, we get 
(B.6) 
dxdt Eh dt"-
Differentiating both sides of Eq. B.l with respect to x, we get 
i!^ = 」 马 （B.7) 
dxdt p dx^ 




Eh dt' 一 
色 丄 色 0 
I Fh 
where c= , the wave speed. i2Rp 
Therefore, Moens-Korteweg equation is derived such that 
~i2Rp' 
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